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SUMMARY 
 
A series of experiments was conducted with weaner pigs to examine the effects 
of  dietary  protein  content,  duration  of  feeding  diets  after  weaning  and 
enterotoxigenic  Escherichia  coli  (ETEC)  infection  on  physiological  and 
metabolic responses of the gastrointestinal tract (GIT). The general hypotheses 
tested in this thesis were that feeding a lower protein diet supplemented with 
essential amino acids (AA) to maintain an ideal dietary AA pattern would: (i) 
reduce indices of protein fermentation in the GIT and consequently reduce the 
incidence  of  post-weaning  diarrhoea  (PWD),  and  (ii)  not  hinder  performance 
responses compared with pigs fed a commercial standard diet higher in protein 
content. 
 
Experiment 1 (Chapter 3), was conducted to examine the interactive effects of 
dietary protein level (251 vs. 192 g/kg CP) and addition or no addition of 2,500 
ppm zinc oxide (ZnO) in pigs infected or not infected per os with ETEC on 
performance, PWD and the selected GIT measurements. The lower protein diet 
was formulated to achieve the ideal pattern with crystalline isoleucine (Ile) and 
valine (Val). The hypotheses tested were that (і) feeding a diet higher in protein 
in combination with ZnO would reduce the incidence of PWD in infected pigs 
and improve performance in comparison to pigs fed a higher protein diet without 
ZnO;  (іі)  feeding  a  low  protein  diet  with  ZnO  would  improve  performance 
compared  to  feeding  a  low  protein  diet  without  ZnO  but  would  have  no 
additional effect on reducing the incidence of PWD, and (iii) feeding a lower 
protein diet without ZnO under ETEC challenge would reduce the incidence of 
PWD compared with feeding a higher protein diet with ZnO.  
 
The major findings were: 
•  Infection with ETEC decreased growth (P<0.001) and feed conversion 
efficiency (P<0.01). Protein level had no effect on performance of pigs 
while  ZnO  supplementation  increased  average  daily  gain  (ADG)   XVI 
(P<0.001),  feed  intake  (P<0.001)  and  feed  conversion  efficiency 
(P<0.001). 
•  Feeding  either  a  low  protein  diet  (P<0.05)  or  ZnO  supplementation 
(P<0.01) decreased the incidence of PWD, while infection increased the 
incidence of PWD (P<0.01). 
•  Feeding  a  lower  protein  diet  decreased  plasma  urea  nitrogen  (PUN) 
(P<0.001) and faecal ammonia-nitrogen (NH3-N) (P<0.001) contents, but 
had no effect on the faecal volatile fatty acids (VFA) content and molar 
proportion of branched-chain fatty acids (BCFA) (P>0.05) compared with 
feeding a higher protein diet or ZnO-supplemented diets. 
•  In non-infected pigs, feeding a lower protein diet caused a lower pH in 
the  jejunum  and  ileum  compared  with  pigs  fed  a  higher  protein  diet 
(P<0.05 and P<0.01, respectively). However, feeding ZnO-supplemented 
diets increased (P<0.05) pH in the stomach and caecum compared with 
feeding diets without ZnO supplementation. 
•  Two- and three-way interactions between the independent variables were 
not  evident  (P>0.05)  for  performance  and  the  incidence  of  PWD, 
indicating that feeding a lower protein diet and supplementation of ZnO 
are  not  additive  and  either  strategy  could  be  used  independently  as  a 
dietary intervention for reducing PWD at weaning.  
 
Experiment 2 (Chapter 4), examined the effects of feeding duration of a lower 
protein diet (173 g/kg CP) or a higher protein (243 g/kg CP) on the incidence of 
PWD,  gastrointestinal  protein  fermentation  indices  and  performance  after 
weaning in pigs were not infected, in order to make it significant to the next 
experiment (Chapter 5). The lower protein diet was formulated to achieve the 
ideal pattern with crystalline Ile and Val. The hypotheses tested in the study were 
that  feeding  a  diet  lower  in  protein  but  supplemented  with  essential  AA  to 
maintain an ideal AA pattern for 7 to 10 days after weaning would: (i) reduce 
indices of protein fermentation in the GIT and reduce the incidence of PWD, and 
(ii) not compromise growth in the post-weaning period.  
 
The major findings were:   XVII 
•  Feeding a lower protein diet, regardless of duration of feeding, decreased 
PUN (P<0.001) and faecal NH3-N (P<0.001) contents.  
•  Feeding a lower protein diet, irrespective of feeding duration, decreased 
the incidence of PWD at day 8 after weaning (P<0.05), and caused firmer 
faeces (P<0.05) between days 10 and 12 after weaning compared with 
feeding a higher protein diet.  
•  Total-tract apparent digestibility of dry matter (DM), energy and crude 
protein was similar between treatments, and feeding a lower protein diet 
did not compromise performance of pigs up to 106 days after weaning. 
 
Experiment 3 (Chapter 5), examined the effect of feeding low protein (175 g/kg 
CP) diets for 7 or 14 days after weaning or a high protein (256 g/kg CP) diet for 
14 days after weaning on the incidence of PWD, indices of protein fermentation 
and production in pigs with or without infected with ETEC. The lower protein 
diet was formulated to achieve the ideal pattern with crystalline Ile and Val. The 
hypothesis tested in this study was that feeding a low protein diet would decrease 
the  incidence  of  PWD  without  compromising  growth.  To  elucidate  whether 
bacterial infection pressure interacts with dietary protein level, an experimental 
ETEC infection model established in this context.  
 
The major findings were: 
•  Feeding a lower protein diet decreased PUN (P<0.001) and faecal NH3-N 
(P<0.001) contents indicating reduced protein fermentation in the GIT of 
the pigs fed a lower protein diet compared with pigs fed a higher protein 
diet after weaning. 
•  Feeding a lower protein diet decreased the incidence of PWD (P<0.001), 
and increased faecal DM content (P<0.001), compared with pigs fed a 
higher protein diet after weaning.  
•  Infection increased the shedding of β-haemolytic Esherichia coli (E. coli) 
(P<0.001), the incidence of PWD (P<0.001) and faecal NH3-N contents 
(P<0.01), but did not interact with dietary protein level after weaning.  
•  The interaction between dietary protein level and ETEC infection was not 
significant  for  production,  however  pigs  challenged  with  ETEC  grew   XVIII 
slower  (P<0.001)  and  had  poorer  feed  conversion  efficiency  (P<0.01) 
compared with non-ETEC infected pigs after weaning.  
•  My  study  showed  that  the  reduction  in  PWD  was  associated  with 
decreased protein fermentation indices in the distal GIT, and that using 
the ETEC challenge model (in contrast to Experiment 2) caused a much 
greater incidence of PWD. Otherwise, the results would be less clear or 
results  obtained  might  be  difficult  to  translate  to  commercial  practice. 
Furthermore, I showed that a low protein diet only needs to be fed for 7 
days after weaning to achieve its positive effects. 
 
Experiment 4 (Chapter 6), was conducted in response to Experiment 3, and 
evaluated in more detail how a low protein diet (190 g/kg CP) might reduce 
PWD compared to feeding a high protein diet (239 g/kg CP) in pigs infected or 
not  infected  per  os  with  ETEC.  Pigs  were  euthanased  at  7  or  14  days  after 
weaning  as  these  were  considered  critical  time  points  in  the  post-weaning 
processes  likely  to  influence  PWD.  The  low  protein  diet  was  formulated  to 
achieve  the  ideal  pattern  of  AA  with  crystalline  Ile  and  Val.  The  hypotheses 
tested  were  that  feeding  a  low  protein  diet  would  (і)  maintain  comparable 
nitrogen  (N)  digestibility  at  the  terminal  ileum,  and  hence  decrease  intestinal 
flow of dietary origin-N, and (іі) decrease protein fermentation indices in the 
large intestine, and hence reduce the risk of the PWD.  
 
The major findings were: 
•  Consistent  with  previous  studies,  PUN  and  faecal  NH3-N  levels  were 
lower (P<0.001) after a lower protein diet, concomitant with decreased 
nitrogen content in the ileum plus all sites of the large intestine (P<0.05 - 
P<0.001), irrespective of ETEC infection.  
•  Feeding the low protein diet decreased (P<0.001) total N intake and ileal 
dietary-origin  N  flow  but  did  not  alter  (P>0.05)  the  apparent  ileal 
digestibility (AID) of N at either 7 or 14 days after weaning. Although 
ETEC infection decreased (P<0.05) overall the AID of nitrogen, feeding 
the low protein diet consistently reduced ileal N flow. 
•  Feeding  a  low  protein  diet  decreased  pH  at  the  jejunum  and  ileum   XIX 
(P<0.05 and P<0.01. respectively), while ETEC infection increased pH at 
the distal colon (P<0.05).  
•  Feeding the high protein diet increased (P<0.05) the incidence of PWD, 
and ETEC infection increased (P<0.01) the incidence of PWD only in 
pigs  fed  a  high  protein  diet.  PWD  was  more  prevalent  at  day  7  after 
weaning (infection ￿ feeding durations interactions, P<0.05). 
•  ETEC  infection  decreased  (P<0.05)  daily  gain  and  feed  conversion 
efficiency but feeding a lower protein diet for 14 days after weaning did 
not compromise production efficiency even in the ETEC infected group. 
 
Experiment 5 (Chapter 7), was a preliminary study aimed at determining the 
influences of dietary protein level (239 g/kg vs. 190 g/kg CP), ETEC infection 
and feeding duration after weaning on selected bacterial populations in the GIT 
of newly-weaned pigs, using terminal restriction fragment length polymorphism 
(T-RFLP). The purpose of this study was to provide some preliminary data in 
relation  to  the  possible  effects  of  protein  content  and  ETEC  infection  on 
microbial diversity in the GIT of weaner pigs.  
 
The major findings were:  
•  Dietary protein levels had no effect on the relative abundance of selected 
microbiota (P>0.05) in all sites of the large intestine.  
•  ETEC infection increased the relative abundance of E. coli [370 base pair 
(bp)]  in  the  caecum  (P<0.05),  proximal  (P<0.05),  and  distal  colon 
(P<0.01).  
•  ETEC infection also increased the relative abundance of Pseudomonas 
aeruginosa  (151  bp)  in  the  caecum  (P<0.01),  and  by  tendency  in  the 
proximal (P<0.1) and distal colon (P<0.1).  
•  ETEC  infection  tended  to  decrease  the  relative  abundance  of 
Megasphaera elsdenii (588 bp) in the caecum (P<0.1).  
•  The relative abundance of Pseudomonas aeruginosa tended to decrease in 
the  proximal  and  distal  colon  (P<0.1),  but  the  relative  abundance  of 
Megasphaera elsdenii was increased (P<0.05) in pigs fed the diets for 14 
days after weaning compared with pigs fed the diets for 7 days (P<0.1).    XX 
•  In  the  frequency  analysis,  dietary  protein  levels,  ETEC  infection  and 
feeding duration after weaning had no effect on total number of detected 
peaks (P>0.05) in the all sites of the large intestine (P>0.05).  
•  ETEC  infection  increased  (P<0.1  -  P<0.05)  the  frequency  of 
Pseudomonas aeruginosa  and E. coli in the all sites of large intestine, 
and  tended  to  increase  Proteus  mirabilis  (371  bp)  and  Lactobacillus 
acidophilus (593 bp) (P<0.1) in the caecum.  
•  The  results  suggested  that  even  though  reduced  dietary  protein  level 
decreased protein fermentation indices, decreased protein content in the 
dietary chyme did not alter the abundance and frequency of the selected 
members of the microbiota, while infection with ETEC did. 
 
 From the results obtained in this thesis, I propose that: 
•  Feeding  a  lower  protein  diet,  supplemented  with  crystalline  AA  to 
conform  to  the  recommended  ideal  AA  pattern,  for  only  7  days  after 
weaning reduces the incidence of PWD commensurate with reductions in 
selected protein fermentation indices indicative of enhanced gut health, 
and  without  compromising  the  overall  production  efficiency  of  pigs. 
Feeding a low protein diet or adding 2,500 ppm ZnO to either a high or 
low protein diet reduces the incidence of PWD, in particular under ETEC 
infection pressure. Therefore either feeding a high protein diet with ZnO 
supplementation or feeding a low protein diet supplemented with AA but 
not ZnO can be used as dietary strategies to minimise PWD. 
•  Low protein diets most likely reduce the incidence of PWD by restricting 
the amount of N that enters the lower sections of the GIT of the newly-
weaned pig. A reduction in the amount of N, from both exogenous and 
endogenous sources, reduces the extent of the formation of compounds 
such as NH3, which have been linked to the development of PWD.  
•  Feeding a lower protein diet can be a part of an alternative strategy to the 
use of antimicrobial agents in the diet, which is suitable for commercial 
production  systems  where  pigs  are  exposed  to  high  levels  of  ETEC 
challenge and there are restrictions, legislative or otherwise, on the use of 
antimicrobials in diets.   XXI 
Table of Contents 
RE-EXAMINATION SUMMARY OF AMENDMENTS..................................I 
DECLARATION.............................................................................................XIV 
SUMMARY.......................................................................................................XV 
TABLE OF CONTENTS................................................................................XXI 
ACKNOWLEDGEMENTS.........................................................................XXIV 
PUBLICATIONS AND CONFERENCE PAPER.....................................XXVI 
ABBREVIATIONS USED IN THIS THESIS ...........................................XXIX 
 
GENERAL INTRODUCTION...........................................................................1 
 
CHAPTER 1 
REVIEW OF THE LITERATURE....................................................................3 
1.1 INTRODUCTION..............................................................................................3 
1.2 ANTIMICROBIAL COMPOUNDS IN DIETS FOR WEANER PIGS.............................4 
1.3 WEANING AND MALFUNCTION OF THE GIT AFTER WEANING: PHYSIOLOGICAL 
CONSTRAINTS....................................................................................................11 
1.4 PATHOGENESIS OF PWD AND ITS PREVENTION THROUGH DIETARY 
INTERVENTION...................................................................................................12 
1.5 FACTORS THAT PREDISPOSE PIGS TO PWD...................................................16 
1.6 RELATIONSHIP BETWEEN DIETARY PROTEIN LEVELS AND PWD...................22 
1.7 CONCLUSIONS.............................................................................................26 
 
CHAPTER 2 
GENERAL MATERIALS AND METHODS ..................................................28 
2.1 ANIMALS AND HOUSING...............................................................................28 
2.2 EXPERIMENTAL DESIGNS .............................................................................29 
2.3 ALLOCATION OF PIGS, FEEDING AND SAMPLE COLLECTION..........................30 
2.4 EXPERIMENTAL ETEC CHALLENGE.............................................................30 
2.5 FAECAL CONSISTENCY SCORE AND THE INCIDENCE OF DIARRHOEA..............32 
2.6 FAECAL SWABS............................................................................................32 
2.7 BLOOD SAMPLING .......................................................................................33 
2.8 POST-MORTEM PROCEDURES........................................................................33 
2.9 HISTOLOGY.................................................................................................34 
2.10 CHEMICAL ANALYSES................................................................................34 
2.11 TERMINAL RESTRICTION FRAGMENT LENGTH POLYMORPHISM...................39 
2.12 STATISTICAL ANALYSIS..............................................................................42 
 
CHAPTER 3 
EFFECTS OF DIETARY PROTEIN LEVEL AND ZINC OXIDE   XXII 
SUPPLEMENTATION ON THE INCIDENCE OF POST-WEANING 
DIARRHOEA, PERFORMANCE AND GASTROINTESTINAL TRACT 
CHARACTERISTICS IN WEANER PIGS CHALLENGED WITH AN 
ENTEROTOXIGENIC STRAIN OF ESCHERICHIA COLI........................43 
3.1 INTRODUCTION............................................................................................44 
3.2 MATERIALS AND METHODS.........................................................................46 
3.3 RESULTS......................................................................................................52 
3.4 DISCUSSION.................................................................................................59 
3.5 CONCLUSIONS.............................................................................................65 
 
CHAPTER 4 
EFFECTS OF FEEDING LOW PROTEIN DIETS TO PIGLETS ON 
PLASMA UREA NITROGEN, FAECAL AMMONIA NITROGEN, THE 
INCIDENCE OF DIARRHOEA AND PERFORMANCE AFTER 
WEANING..........................................................................................................66 
4.1 INTRODUCTION............................................................................................67 
4.2 MATERIALS AND METHODS.........................................................................68 
4.3 RESULTS......................................................................................................73 
4.4 DISCUSSION.................................................................................................86 
4.5 CONCLUSIONS.............................................................................................89 
 
CHAPTER 5 
FEEDING A DIET WITH A LOWER PROTEIN CONTENT REDUCES 
INDICES OF PROTEIN FERMENTATION AND THE INCIDENCE OF 
POST-WEANING DIARRHOEA IN WEANED PIGS CHALLENGED 
WITH AN ENTEROTOXIGENIC STRAIN OF ESCHERICHIA COLI.....90 
5.1 INTRODUCTION............................................................................................91 
5.2 MATERIALS AND METHODS.........................................................................92 
5.3 RESULTS......................................................................................................98 
5.4 DISCUSSION...............................................................................................105 
5.5 CONCULSIONS...........................................................................................109 
 
CHAPTER 6 
FEEDING A DIET WITH A REDUCED PROTEIN LEVEL REDUCES 
NITROGEN CONTENT IN THE GASTROINTESTINAL TRACT AND 
POST-WEANING DIARRHOEA, BUT DOES NOT AFFECT APPARENT 
NITROGEN DIGESTIBILITY, IN PIGS CHALLENGED WITH AN 
ENTEROTOXIGENIC STRAIN OF ESCHERICHIA COLI......................110 
6.1 INTRODUCTION..........................................................................................112 
6.2 MATERIALS AND METHODS.......................................................................113 
6.3 RESULTS....................................................................................................118 
6.4 DISCUSSION...............................................................................................130 
6.5 CONCLUSIONS...........................................................................................135 
   XXIII 
CHAPTER 7 
INFLUENCE OF DIETARY PROTEIN LEVEL, ENTEROTOXIGENIC E. 
COLI INFECTION AND TIME OF FEEDING AFTER WEANING ON 
MICROBIAL PROFILES IN THE GASTROINTESTINAL TRACT OF 
WEANED PIGS DETERMINED USING TERMINAL RESTRICTION 
FRAGMENT LENGTH POLYMORPHISM (T-RFLP): A PRELIMINARY 
STUDY..............................................................................................................136 
7.1 INTRODUCTION..........................................................................................137 
7.2 MATERIALAS AND METHODS.....................................................................138 
7.3 RESULTS....................................................................................................140 
7.4. DISCUSSION..............................................................................................145 
7.5 CONCLUSIONS...........................................................................................147 
 
CHAPTER 8.....................................................................................................149 
GENERAL DISCUSSION...............................................................................149 
 
CHAPTER 9.....................................................................................................159 
REFERENCES.................................................................................................159   XXIV 
Acknowledgements 
 
I would like to extend thanks and appreciation from my deepest heart to my 
principal supervisor Dr John R. Pluske for giving me the opportunity to work on 
this  challenging  area  of  research  and  towards  my  degree.  Without  his  clear 
supervision, mentorship, moral support and encouragement, this thesis would not 
have conducted. My sincerest thanks extend to my co-supervisor Dr Jae C. Kim. 
He motivated me to enrich my knowledge of digestive physiology and nutrition 
of pigs. I thank Dr Jae C. Kim again for his assistance, enthusiastic support, 
patient and extensive knowledge, and also for his friendship and leadership. The 
same  gratitude  is  addressed  to  Dr  David  J.  Hampson  for  his  help  and 
unconditional support. I also wish to thank Dr Bruce P. Mullan at Department of 
Agriculture  and  Food  for  his  supports  for  formulating  the  experimental  diets 
throughout this study, and also for permissions to use the great research facility at 
Median Research Station. I also would like to thank Dr Christian F. Hansen for 
his encouragement and support. I am also appciative of technical support from 
Mr Nicholls Roland at Department of Agriculture and Food. It was my honour to 
work with them.  
 
My thanks are extended to Ms Josie Mansfield for her technical expertises. Many 
thank  Josie.  Appreciative  thank  is  also  to  Ms  Aracely  Hernandez  and  my 
colleague  Ms  Danka  Halas  for  their  help  and  support  throughout  this  study. 
Thanks  are  extended  to  Mr  Richard  Seaward,  Bob  Davis,  and  other  staff  at 
Medina Research Station for their unlimited technical support during the animal 
experiments.  
 
I wish to acknowledge an Australian Research Council Linkage Grant, Danish 
Pig Production and Evonik Degussa for their financial support and kind donation, 
respectevely.  I  was  the  grateful  recipient  of  a  Murdoch  International  Post-
Graduate Award from Murdoch University, and thank Murdoch University for 
the support during this PhD programme.  
 
Last but not least, my deepest thanks are extended to my wife Kyong-Mi Lee for   XXV 
her endless love, unlimited support and encouragement. I am also grateful for the 
same supports of my parents and my parents in law. I thank you all for the great 
concerns and the help.   
   XXVI 
Publications and conference paper 
 
Journal articles 
Halas, D., J. M. Heo
A, C. F. Hansen, J. C. Kim, D. J. Hampson, B. P. Mullan, 
and  J.  R.  Pluske.  2007.  Organic  acids,  prebiotics  and  protein  level  as 
dietary tools to control the weaning transition and reduce post-weaning 
diarrhoea  in  piglets.  CAB  Reviews:  Perspectives  in  Agriculture, 
Veterinary  Science,  Nutrition  and  Natural  Resources  2,  No.  079:  13. 
(Chapter 1) 
 
Heo, J. M.
B, J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, H. Maribo, 
N. Kjeldsen and J. R. Pluske. Effects of dietary protein level and zinc 
oxide  supplementation  on  the  incidence  of  post-weaning  diarrhoea  in 
weaner pigs challenged with enterotoxigenic Escherichia coli. Livestock 
Science (In press) (Chapter 3) 
 
Heo, J. M.
B, J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, and J. R. 
Pluske. Effects of dietary protein level and zinc oxide supplementation on 
performance responses and gastrointestinal tract characteristics in weaner 
pigs  challenged  with  an  enterotoxigenic  strain  of  Escherichia  coli. 
Animal Production Science (Submitted) (Chapter 3) 
 
Heo, J. M., J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, and J. R. 
Pluske. 2008. Effects of feeding low protein diets to piglets on plasma 
urea nitrogen, faecal ammonia nitrogen, the incidence of diarrhoea and 
performance after weaning. Archives of Animal Nutrition 62: 343-358. 
(Chapter 4) 
 
Heo, J. M., J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, and J. R. 
Pluske.  2009.  Feeding  a  diet  with  decreased  protein  content  reduces 
indices of protein fermentation and the incidence of postweaning diarrhea 
                                                 
A Equally contributed 
B Published in part   XXVII 
in weaned pigs challenged with an enterotoxigenic strain of Escherichia 
coli. Journal of Animal Science. 87: 2833-2843 (Chapter 5) 
 
Heo, J. M., J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, and J. R. 
Pluske.  Feeding  a  diet  with  a  reduced  protein  content  reduces  nitrogen 
content in the gastrointestinal tract and post-weaning diarrhoea, but does 
not  affect  apparent  nitrogen  digestibility,  in  pigs  challenged  with  an 
enterotoxigenic  strain  of  Escherichia  coli.  Animal  Feed  Science  and 
Technology. (Accepted for publication) (Chapter 6) 
 
Refereed conference proceedings 
Heo, J. M., J. C. Kim, B. P. Mullan, D. J. Hampson, C. F. Hansen, R. H. Wilson, 
J. Callesen, and J. R. Pluske. 2007. Feeding a low protein amino-acid 
supplemented diet after weaning reduces indices of protein fermentation. 
In Manipulating Pig Production XI (J. E. Paterson and J. A. Barker, eds.), 
p. 1. Australasian Pig Science Association, Werribee, Victoria, Australia. 
 
Heo, J. M., J. C. Kim, B. P. Mullan, D. J. Hampson, C. F. Hansen, R. H. Wilson, 
J. Callesen, and J. R. Pluske. 2007. Feeding a low protein amino-acid 
supplemented  diet  after  weaning  reduces  incidence  of  post-weaning 
diarrhoea. In Manipulating Pig Production XI (J. E. Paterson and J. A. 
Barker,  eds.),  p.  264.  Australasian  Pig  Science  Association,  Werribee, 
Victoria, Australia. 
 
Heo, J. M., J. C. Kim, B. P. Mullan, D. J. Hampson, R. H. Wilson, J. Callesen, C. 
F. Hansen, and J. R. Pluske. 2007. Feeding a lower-protein, amino-acid 
supplemented diet has no effect on growth performance but reduces post-
weaning diarrhoea in pigs. In 2nd International Symposium on Energy 
and Protein Metabolism and Nutrition (I. Ortigues-Marty, ed.). pp. 405-
406. EAAP Publication No. 124. Wageningen Academic Publishers, The 
Netherlands. 
 
Heo, J. M., J. C. Kim, B. P. Mullan, C. F. Hansen, D. J. Hampson, and J. R. 
Pluske. 2009. Feeding a lower protein diet reduces nitrogen content in the   XXVIII 
intestinal tract but does not influence apparent nitrogen digestibility. In 
Manipulating  Pig  Production  XII  (R.  J.  van  Barneveld  ed.),  p.  95. 
Australasian Pig Science Association, Werribee, Victoria, Australia. 
 
Non -refereed conference proceedings 
Pluske, J. R., and J. M. Heo. 2008. Feeding low protein diets to piglets after 
weaning: Effects on growth and post-weaning diarrhoea. In: Challenge 
for the reduction of antimicrobial use in animal production, Ibaraki, Japan. 
pp 51-63. 
 
   XXIX 
Abbreviations used in this thesis: 
 
AA:      amino acid(s) 
ADF:      acid detergent fibre 
ADG:     average daily gain 
ADFI:     average daily feed intake 
Ammonia nitrogen:  NH3-N 
ANOVA:    analysis of variance 
BCFA:      branched-chain fatty acids 
BW:      body weight 
DE:      digestible energy 
DM:      dry matter 
DNA:      deoxyribonucleic acid 
E. coli     Escherichia coli 
ETEC:    enterotoxigenic Escherichia coli 
FCR:      feed conversion ratio 
GE:      gross energy 
GIT      gastrointestinal tract 
GLM:     general linear model 
HPLC:    high performance liquid chromatography 
ME:      metabolisable energy 
N:      nitrogen 
NDF:      neutral detergent fibre 
ppm:      parts per million 
PUN      plasma urea nitrogen 
PWD:     post-weaning diarrhoea 
r:      correlation coefficient 
VFA:      volatile fatty acids 
Three-letter abbreviations for AA (e.g., Ala) is used in the current thesis 
 
   1 
General Introduction 
 
Weaning-associated  intestinal  malfunction  and  diarrhoea  are  two  of  the  prime 
constraints  that  face  commercial  pig  production  (Witte  et  al.,  2000).  Despite 
many efforts, the post-weaning malaise remains one of the greatest sources of 
morbidity and mortality in swine production (Cutler and  Gardner, 1988). The 
abrupt  change  in  the  diet  from  sows’  milk  to  solid  feed  at  weaning  induces 
marked alterations in the structure and function of the GIT (Pluske et al., 1997). 
Conjointly, pigs at weaning face other psychological stressors such as depletion 
of passive immunity, an under-developed digestive enzyme system, separation 
from the sow, mixing with unfamiliar litter mates, and establishment of a new 
social hierarchy (Pluske et al., 1997). These stressors collectively affect intestinal 
histological  architecture,  digestive  function,  the  gut  microbiota,  and  mucosal 
immunity, and generally cause PWD (Pluske et al., 1997). 
 
Currently,  the  most  effective  strategy  to  control  weaning-associated  diarrhoea 
remains  the  use  of  prophylactic  and  (or)  therapeutic  levels  of  antimicrobial 
compounds like zinc oxide (ZnO), copper sulphate (CuSO4) and antibiotics in the 
feed.  However  there  are  concerns  associated  with  the  use  of  antibiotics  as 
“growth promotants”. For example, an epidemiological examination found that 
vancomycin resistant Enterococcus faecium in humans increased following the 
use of avoparcin in diets for meat animals, from which vancomycin resistant E. 
faecium  were  also  isolated  (Witte,  2000).  This,  and  social  pressure,  led  the 
Eurpean Union (EU) to ban the use of antibiotics as growth promants on January 
1, 2006. Furthermore the use of certain minerals such as zinc (Zn) and copper 
(Cu) is unlikely to be sustainable since their excretion is a possible threat to the 
surrounding  environment.  Consequently,  there  is  a  need  to  develop  means  of 
controlling the weaning transition without using antimicrobial compounds.  
 
In  this  regard  establishing  optimal  dietary  formulations  without  antimicrobial 
compounds has attracted much interest as a means of dealing with the problem of 
maladaptation of the GIT at weaning. A potentially large number of dietary tools 
and strategies to reduce PWD are available for evaluation and use. Among others,   2 
these include the use of organic acids, prebiotics, probiotics, low-protein diets, 
manipulating  dietary  fibre,  spray-dried  plasma,  egg  products,  essential  oils, 
enzymes,  fermented  liquid  feed,  restricted  feeding,  botanicals  and  alternate 
cereals. The scope of this thesis, however, is focused on the impact of dietary 
protein levels on aspects of the GIT structure and function of weaner pigs based 
on  the  pigs’  metabolic  and  physiological  responses  to  altered  dietary  protein 
levels with and without an ETEC infection.   
 
The general hypotheses tested in the series of experiments presented in this thesis 
were that feeding a diet lower in protein but supplemented with essential AA to 
maintain an ideal AA pattern would: (i) reduce indices of protein fermentation in 
the  GIT  and  reduce  the  incidence  of  PWD,  and  (ii)  not  impair  performance 
responses compared with pigs fed a diet of higher protein content after weaning. 
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Chapter 1 
 
Review of the Literature
 
 
1.1 Introduction 
Weaning is a stressful time for piglets, and the gastrointestinal malfunction and 
diarrhoea that generally occur usually result in a post-weaning ‘growth check’, 
which still remains a major constraint to pig production throughout the world. 
Weaning is usually associated with an abrupt change in diet from predominately 
milk (i.e., liquid food) to solid food, and this is linked to marked alternations in 
the structure and function of the GIT (Pluske et al., 1997). Conjointly, piglets at 
weaning face a suite of other stressors such as depletion of passive immunity, an 
immature GIT enzyme system, separation from the sow, mixing with unfamiliar 
litter mates, and establishment of a new social hierarchy (Pluske et al., 1997). 
The gut microbiota, histological architecture of the GIT, digestive, inflammatory 
and immune function, are all affected by the abrupt weaning processes that are 
current practice in the swine industry worldwide (Lalles et al., 2004).  
 
Traditionally,  weaner  pig  diets  have  been  fortified  with  prophylactic  or 
therapeutic levels of antimicrobial compounds such as in-feed antibiotics, zinc 
oxide (ZnO) and (or) copper sulphate (CuSO4), to assist pigs in overcoming the 
post-weaning transition and reduce gastrointestinal disorders such as PWD, that 
in  turn  can  reduce  mortality  and  morbidity  while  improving  productivity. 
However, mounting concerns  about the potential effects of  growth promoting 
antibiotics on bacterial antibiotic resistance in humans (Heuer et al., 2006), and 
(or)  effects  of  antimicrobial  compounds  (i.e.,  zinc,  cupper)  on  environmental 
contamination  (Carlson  et  al.,  2004b),  have  caused  much  interest  in 
alternatives/replacements  for  dietary  antimicrobial  products.  For  instance,  an 
epidemiological  examination  found  that  avoparcin  in  diets  for  meat  animals 
increased vancomycin-resistant Enterococcus faecium in humans (Witte, 2000).   4 
Subsequently and in response, the Eurpean Union (EU) banned a large number of 
in-feed  antibiotics  [Regulations  (EC)  No.  1831/2003  and  1334/2003].  Much 
research of late has therefore focused on searching for alternatives/replacements 
to  the  existing  antimicrobial  compounds.  Numerous  dietary  supplements  and 
nutritional strategies have been evaluated including, for example, organic acids 
(Tsiloyiannis et al., 2001), prebiotics (Ding et al., 2006; Zeyner and Boldt, 2006), 
probiotics (Pierce et al., 2005; Pierce et al., 2006a; Pierce et al., 2006b), essential 
oils  (Benevenga  et  al.,  1989;  Odle  et  al.,  1989),  functional  feed  additives 
(Marquardt et al., 1999; Owusu-Asiedu et al., 2002; Chernysheva et al., 2003; 
Hurst  et  al.,  2006),  and  manipulation  of  the  dietary  carbohydrates  and  (or) 
protein content and composition  (Bach Knudsen, 2001; Pluske et al., 2002). A 
growing number of review articles have been published in this area (Pluske et al., 
2002; Halas et al., 2007; Stein, 2007).  
 
My review of the literature is focused on current knowledge pertaining to (і) the 
pathogenesis of PWD, (іі) the impact of dietary protein content on aspects of the 
gastrointestinal  microbiota  and  general  function  of  weaned  pigs,  and  (ііi)  the 
physiologic and metabolic aspects of PWD in relation to dietary protein content. 
 
1.2 Antimicrobial compounds in diets for weaner pigs 
Antibiotic  growth  promoters  (AGP)  have  long  been  used  in  commercial  pig 
industry not only for elimination or reduction of pathogenic bacteria but also for 
promotion of growth (Moore et al., 1946; Jukes et al., 1950). Although their 
mode of action has not been fully elucidated (Pluske et al., 2007a), AGP are 
known to modify the intestinal biota, which compete for nutrients with the host 
animal, with the microbiota including both pathogenic and commensal bacteria. 
Indeed, improved performance could be due to a combination of reduced total 
intestinal  biota  biomass  and  elimination  of  the  harmful  bacteria  (Dibner  and 
Richards, 2005). 
 
The first ban of in-feed AGP occurred in Sweden and Denmark in 1986 and 1998, 
respectively. The ban of in-feed AGP dramatically increased the prevalence of 
PWD  and  the  post-weaning  mortality  rate.  For  instance,  therapeutic  use  of   5 
olaquindox was increased by 12% in 1986 and 69% for the following three years, 
and furthermore the age at 25 kg increased by 5-6 days compared to before the 
ban  in  Sweden  (Wierup,  2001).  Denmark  also  found  that  therapeutic  use  of 
antibiotics was increased by 25% compared to the pre-ban levels (DANMAP, 
2001). The EU adopted a “precautionary principle” approach and banned certain 
in-feed AGP in 2006 to reduce the risk of antibiotic resistance in human. To 
overcome the increased rate of mortality and morbidity due to this ban, a number 
of alternatives/replacements such as feed additives and dietary interventions have 
been proposed (see Table 1.1).  
 
1.2.1 ZnO as a growth promoting compound 
Zinc (Zn) is an essential trace mineral (micronutrient) for pigs. Zn deficiency 
causes growth retardation and a depletion of overall enzyme activity in tissue, 
although the deficiency is sometimes difficult to diagnose (Prasad et al., 1969; 
Prasad and Oberleas, 1971). Zn is also a component of metalloenzymes such as 
DNA  and  RNA  synthesises,  transferases  and  many  digestive  enzymes,  and  is 
associated with effective insulin action. Furthermore, Zn plays crucial roles in 
lipid, protein and carbohydrate metabolism (Li et al., 2006). 
 
The recommended dietary level of Zn for weaner pigs is 100 mg/kg (NRC, 1998), 
however pharmacological levels (up to 3000 ppm) of Zn have been used as an 
effective dietary tool to ameliorate and (or) prevent PWD (Katouli et al., 1999; 
Højberg et al., 2005) thereby acting as a growth promoter after weaning (Poulsen, 
1995; Hill et al., 2000; Case and Carlson, 2002b). The precise mode(s) of action 
for  these  effects  have  not  been  fully  elucidated.  Reported  effects  include 
increased gene expression of antimicrobial peptides in the small intestine (Wang 
et  al.,  2004),  positive  effects  on  the  stability  and  diversity  of  the  microbiota 
particularly with respect to coliforms (Katouli et al., 1999), increased insulin-like 
growth factor-I (IGF-I) and insulin-like growth factor-II (IGF-II) expression in 
the small intestinal mucosa (Li et al., 2006), bactericidal functions (Jensen-Waern 
et al., 1998), and reductions in electrolyte secretion in vitro from enterocytes 
(Carlson et al., 2006). Hedemann et al. (2006) found changes in some pancreatic 
enzymes and mucin staining but concluded that there were no definite answers as 
to how the growth promoting and diarrhoea-reducing effects of excess dietary Zn   6 
were exerted. Furthermore, a study by Højberg et al. (2005) using 2,500 ppm 
ZnO showed reduced bacterial activity in digesta from the GIT of newly-weaned 
piglets compared to that in animals receiving 100 ppm ZnO. The numbers of 
lactic  acid  bacteria  and  Lactobacilli  were  reduced,  whereas  Coliforms  and 
Enterococci were more numerous in animals receiving the high ZnO dose. These 
authors surmised that the influence of ZnO on the GIT microbiota resembled the 
working mechanism suggested for some growth-promoting antibiotics, namely 
the suppression of Gram-positive commensals rather than potentially pathogenic 
Gram-negative  organisms.  Højberg  et  al.  (2005)  suggested  that  reduced 
fermentation of digestible nutrients in the proximal part of the GIT might render 
more  energy  available  for  the  host  animal  and  contribute  to  the  growth-
promoting effect of high dietary ZnO doses. In contrast, dietary CuSO4 inhibited 
the  Coliforms  and  thus  potential  pathogens  as  well,  but  overall  the  observed 
effect of CuSO4 was limited compared to that of ZnO (Hojberg et al., 2005). ZnO, 
therefore, fed at pharmacological levels can therefore be a cost-effective strategy 
in controlling PWD, although such high levels are restricted in some countries 
due  to  growing  concerns  about  environmental  contamination  (Carlson  et  al., 
2004b).  
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Table 1.1 The list of proposed AGP alternatives for weaner pigs 
Additives/Strategies  Observations  References 
β-glucans 
Increased villous height in the ileum 
Improved digestibility of DM, GE, crude protein, phorsphous (P) and calcium (Ca) 
Increased immune cells (i.e., CD4 and CD8) 
Van Nevel et al.(2003) 
Hahn et al.(2006) 
Hahn et al.(2006) 
     
Botanicals/Essential oils 
Blood urea nitrogen decreased 
Blood glucose increased 
Improved energy metabolism including DE and ME 
Increased ADFI  
Reduced ileum total microbial mass and increased the Lactobacilli: Enterobacteria ratio 
Benevenga et al.(1989) 
Odle et al.(1989) 
Lee and Chiang (1994) 
Ilsley et al.(2003) 
Manzanilla et al.(2004) 
     
Conjugated linoleic acid 
Improved cell immunity  
Improved feed utilisation efficiency  
Improved serum immunoglobulin 
Reduced mucosal inflammation 
Corino et al.(2002) 
Bontempo et al.(2004) 
Lai et al.(2005) 
Patterson et al.(2008) 
     
Dehydrated porcine plasma 
Reduced inflammatory 
Improved immunity 
Improved ADFI 
Improved feed conversion efficiency  
Reduced PWD 
Jiang et al.(2000) 
Van Dijk et al. (2001) 
Owusu-Asiedu et al.(2002; 2003b) 
Bosi et al (2004) 
Niewold et al (2007)   8 
Additives/Strategies  Observations  References 
Dietary carbohydrate modulation 
Increasing soluble NSP and total NSP increased incidence of swine desentry  
Lactobacilli increased when fermentable carbohydrates increased 
Ammonia concentration decreased when fermentable carbohydrates increased 
Total VFA increased when fermentable carbohydrates increased 
Faecal DM increased when fermentable carbohydrates increased 
Clostridia spp. decreased when fermentable carbohydrates increased 
Pluske et al. (1996a)  
Bikker et al. (2006) 
Bikker et al. (2006) 
Bikker et al. (2006) 
Jeaurond et al.(2008) 
Jeaurond et al.(2008) 
     
Dietary protein modulation 
PUN and ammonia concentrations decreased when protein contents lowered 
BCFA decreased when protein contents lowered 
Pigs had firmer faeces when protein contents lowered 
Bikker et al. (2006), Nyachoti et al. (2006) 
Nyachoti et al. (2006), Htoo et al.(2007) 
Wellock et al. (2008a) 
     
Exogenous enzymes 
Reduced the viscosity of the digesta  
Reduced small intestinal fermentation 
Improved digestive function 
Partridge and Tucker (2000) 
Högberg and Lindberg (2004) 
Kim et al.(2005b) 
     
Laminarin /Fucoidan 
Reduced populations of enterobacteria in the caecum and colon 
Increased the molar proportion of butyric acid in the colon 
Reduction in the ammonia concentration in the colon 
Increase in total monocyte number 
Reilly et al. (2008) 
Reilly et al. (2008) 
Reilly et al. (2008) 
Reilly et al. (2008)   9 
Additives/Strategies  Observations  References 
Mannan 
Enhanced performance  
Reduced pro-inflammatory cytokine production   
Miguel et al. (2004) 
Davis et al.(2004) 
     
Milk products 
Improved total tract digestibility 
Increased concentration of Lactobacilli but decreased ammonia  
Pierce et al.(2005b) 
Pierce et al.(2005b) 
     
Oligosaccharides 
Improved digestibility of DM, P and Ca 
Reduced PWD 
Decreased E. coli count  
Improved villous height in the ileum 
Enhanced the cell-mediated immune response 
Liu et al.(2008) 
Liu et al.(2008) 
Liu et al.(2008) 
Liu et al.(2008) 
Yin et al.(2008) 
     
Organic acids 
Reduced PWD 
Reduced pH of intestinal digesta 
Reduced the growth of Coliform and lactic acid bacteria. 
Tsiloyiannis et al.(2001) 
Knarreborg et al.(2002) 
Högberg and Lindberg (2004) 
     
Prebiotics 
Establishment of a more stable and diverse microbiota. 
Stimulated the growth of Lactobacillus spp. and Bifidobacterium spp 
Elevated levels of Lactobacilli and Enteroccoci 
Reduced in ammonia content in the distal GIT and faeces 
Konstantinov et al.(2003) 
Mikkelsen et al. (2003) 
Konstantinov et al. (2004) 
Shim et al.(2005), Awati et al.(2006)   10 
Additives/Strategies  Observations  References 
Probiotics 
Improved ADG 
Improved feed conversion efficiency 
Reduced PWD 
Protected piglets from intestinal pathogens such as Salmonella and E. coli 
Abe et al (1995) 
Zani et al (1998) 
Kyriakis et al.(1999), Modesto et al.(2007) 
Lodemann et al (2006) 
     
Tributyrin/Lactitol 
Improved villi height and crypt depth in the jejunum 
Improved ADG and feed efficiency  
Increased the jejunal villus height, and decreased the duodenal and ileal crypt depth  
Increased jejunal lactase and sucrase activity 
Piva et al. (2002; 2008) 
Hou et al. (2006) 
Hou et al. (2006) 
Hou et al. (2006) 
     
Yeast cell compounds 
Blocking fimbriae of pathogenic bacteria 
Absorb mycotoxins  
Kogan and Kocher (2007) 
Kogan and Kocher (2007) 
     
Zinc/coppe 
Improved feed conversion efficiency 
Improved ADFI and ADG 
Regulated intestinal integrity and its function 
Reduced pH of intestinal digesta 
Reduced the growth of Coliform and lactic acid bacteria. 
Increased growth factor 
Increased digestive enzyme activities 
Improved immunity and reduced PWD 
Hahn and Baker (1993) 
Hill et al.(2000; 2001) 
Case and Carlson (2002a) 
Knarreborg et al.(2002) 
Högberg and Lindberg (2004) 
Hedemann et al.(2006) 
Li et al. (2006) 
Tsiloyiannis et al.(2001).Broom et al (2006)   11 
1.3  Weaning  and  malfunction  of  the  GIT  after  weaning: 
physiological constraints  
The gastrointestinal tract (GIT) acts as a barrier for bacteria, allergens and toxic 
compounds that may otherwise reach the systemic organs and tissues. The GIT 
has multiple non-specific defence mechanisms, such as low pH in the stomach 
(Williams,  2001),  the  motility  of  the  small  intestine  that  reduces  time  for 
colonisation (Wang and Wu, 2005), and the physical barriers such as unstirred 
water layer, mucus layer and tight junctions (Posalaky et al., 1989), along with 
presence of immunological defence mechanisms. The latter includes the innate 
and the adaptive immune system which includes cellular and humoral immune 
components  (Stahly,  1996).  However,  evidence  so  far  indicates  that  the  non-
specific defence mechanisms including gastric acid production, peristalsis, mucus 
layer, trans-epithelial permeability and proliferation of beneficial microbiota are 
significantly  influenced  by  diets  (Piva  et  al.,  1996;  Reid  and  Hillman,  1999), 
while  some  specific  dietary  components  such  as  conjugated  linoleic  acids 
influence immunological defence mechanisms (Corino et al., 2002;  Lai et al., 
2005; Patterson et al., 2008). 
 
The mucus layer protects intestinal enterocytes and tight junctions from acid and 
mechanical  damage,  as  well  as  serving  as  a  biological  barrier  to  prevent 
translocation of bacteria from the lumen. Binding of pathogens to mucins rather 
than  to  epithelial  cells  is  generally  regarded  as  an  important  host  defence 
mechanism (Blok et al., 2002). Mucus is synthesised and secreted by intestinal 
goblet  cells  by  base-line  or  accelerated  secretions.  Base-line  secretion  is  a 
continuous process and provides renewal of the mucus coat that is lost due to 
erosion,  digestion  and  digesta  flow.  Accelerated  secretion  is  characterised  by 
massive  goblet  cell  discharge  in  response  to  physiological  or  pathological 
stimulation  and  bacterial  toxins  (Blok  et  al.,  2002).  Unfortunately,  the  actual 
amount of secreted mucus cannot be measured, but an increase in the number of 
goblet  cells  suggests  an  increased  mucus  production.  Various  authors  have 
reported  that  weaning  of  piglets  causes  either  an  unchanged  (Dunsford  et  al., 
1990) or decreased (McCracken et al., 1995; King et al., 2008) number of goblet 
cells in the villi and unchanged (Piel et al., 2007) or decreased (Hampson and   12 
Kidder, 1986; Pluske et al., 1996b; King et al., 2008) number of goblet cells in 
the  crypts.  However,  the  validity  of  using  the  number  of  goblet  cells  as  an 
indicator  for  intestinal  integrity  remains  unclear  due  to  inconsistent  responses 
following weaning, indicating other factor(s) is (are) involved.  
 
Epithelial barrier dysfunction and inflammation of the intestine are  associated 
with an increased permeability that may lead to translocation of toxins, allergens, 
viruses or even bacteria (Vente-Spreeuwenberg and Beynen, 2003; Verdonk et al., 
2005). However, both paracellular and transcellular permeation of antigens are 
restricted  by  the  intestinal  mucosal  barrier  in  the  normal  functional  intestine. 
Consequently,  increased  permeability  may  play  a  key  role  in  predisposing  to 
bacterial translocation and even inflammatory bowel disease (Porras et al., 2006).  
 
1.4  Pathogenesis  of  PWD  and  its  prevention  through  dietary 
intervention 
1.4.1 Pathogenesis of PWD 
A  consequence  of  the  post-weaning  malaise  can  be  PWD  (or  post-weaning 
colibacillosis;  Fairbrother  et  al.,  2005),  which  is  a  condition  of  weaned  pigs 
characterised by frequent discharge of watery faeces during the first 2 weeks after 
weaning, and is one of the major economic losses to the pig industry (Cutler and 
Gardner, 1988). Post-weaning diarrhoea (PWD) is a multifactorial disease and its 
precise pathogenesis is still unclear, as many other diseases such as pneumonia 
can predispose to the condition by compromising immune function (Madec et al., 
2000). Post-weaning diarrhoea is typically associated with faecal shedding of β-
haemolytic enterotoxigenic E. coli serotypes that particularly proliferate in the 
small intestine of both healthy and unhealthy piglets after weaning (Osek, 1999; 
Schierack et al., 2006).  
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Figure 1.1 E. coli with fimbriae (glycoproteins or adhesins). Source: Lane and 
Mobley (2007) 
 
Other pathogenic types of E. coli occasionally may be involved, and also there 
are many adhesions and invasions of pathogenic E. coli (Le Bouguénec, 2005). 
The  ETEC  fimbriae  attaches  to  glycoprotein  receptors  present  on  the  small 
intestinal brush borders of villous enterocytes, which is one such attribute as there 
is multiple-host bacterial interactions to colonise (Figure. 1.1).  
 
Nonetheless, this adhesion normally results in the colonisation of pathogens in 
the GIT that, in turn, enable them to produce one or more enterotoxins such as 
heat labile toxins (LT) or heat stable toxins (ST; variants STa and STb), which 
activate  cyclic  guanosine  monophosphate  (cGMP)  and  cyclic  adenosine 
monophosphate (cAMP) systems (Pluske et al., 2002). The LT toxins increase 
secretion of sodium, chloride and hydrogen carbonate ions into the lumen, whilst 
the ST toxins reduce the absorption of liquid and salts (see Figure. 1.2). In both 
cases the result is hypersecretion of water and electrolytes to the small intestine 
(Nagy and Fekete, 1999) that exceeds the ability of the colon to reabsorb them. 
This  process  results  in  diarrhoea,  dehydration,  reduced  feed  intake,  reduced 
nutrient digestibility, reduced growth and even death. One of the most critical 
factors  that  affect  health  of  piglets  experiencing  PWD  is  the  damage  to  the   14 
intestinal epithelium, and hence weakened mucosal and cellular barrier functions, 
which mainly are caused by change of diet, loss of passive immunity and other 
weaning-associated stressors (Pluske et al., 1997). Lack of active immunity and 
damage to gut integrity generally increase adhesion of pathogenic bacteria to the 
mucosal layer. Therefore, a key factor for dietary interventions to minimise PWD 
is the ability of these diets to reduce the total number of pathogenic E. coli, or to 
prevent adhesion of the ETEC to enterocytes, or the combination of both.  
 
 
Figure  1.2  Probable  pathways  for  post-weaning  diarrhoea  by  the  heat  labile 
toxins  (LT)  or  heat  stable  toxins  (ST;  variants  STa  and  STb).  Adapted  from 
Buddle and Bolton (1992) 
 
1.4.2 The serotypes of E. coli that cause PWD 
Escherichia coli (E. coli) are mostly commensal in the GIT (Hartl and Dykhuizen, 
1984),  and  are  concurrently  often  observed  in  healthy  pigs  (Osek,  1999; 
Schierack et al., 2006). Nevertheless, specific serotypes of E. coli with particular 
sets of virulence genes (e.g., fimbrial genes) are associated with PWD in pigs 
along with calves and humans (Nagy and Fekete, 2005). For instance, serotype 
O149 is associated with the K88 (F4) fimbriae. The most frequently implicated 
Escherichia coli   Producing toxins   Heat-labile toxin (LT)  
Heat-stable toxin [ST (STa; STb)] 
Increased secretion of Cl
– from crypt cell 
Decreased absorption of Na
+, Cl
– by villous tips 
Increased bicarbonate secretion 
ST (STa; STb)  LT 
Stimulates guanylate cyclase activity 
activity 
Stimulates adenyl cyclase activity 
Increases levels of cGMP  Increases levels of cAMP in villous and crypt cells 
Villous cells: inhibit non-glucose-dependent pathway for Na
+, therefore also Cl
– and 
water absorption 
Crypt cells: stimulates Na
+ along with Cl
– and water secretion  
Diarrhoea 
Possibly increases cellular Ca
++   15 
ETEC serotypes that cause PWD in pigs are presented in Table 1.2. Interestingly, 
these O serotypes are often associated with PWD in pigs whilst prevalence of 
serotype  may  geographically  differ  (Vu-Khac  et  al.,  2007)  and  the  degree  of 
pathogenicity may not be identical within the same serotype (Zhang et al., 2007).   
 
Table 1.2 ETEC O serotypes most frequently implicated in PWD in pigs 
O serotypes  Associated fimbrial antigens  References 
8  F4ab (K88ab) 
F4ac(K88ac) 
Harel et al. (1991) 
Frydendahl (2002) 
     
138  F18, F4ac  Nagy et al. (1990) 
Harel et al. (1991) 
Frydendahl (2002) 
     
139  F18  Nagy et al. (1990) 
Frydendahl (2002) 
     
141  F18, F4ab, F4ac  Nagy et al. (1990) 
Frydendahl (2002) 
     
147  F4ac, F18  Nagy et al. (1990) 
Harel et al. (1991)  
     
149  F4ac, F18  Nagy et al. (1990) 
Harel et al. (1991) 
Salajka et al. (1992) 
Frydendahl (2002) 
     
157  F4ac  Nagy et al. (1990) 
 
1.4.3 Using an oral E. coli model, to induce a reproducible disease scenario 
after weaning 
Studies  in  relation  to  PWD  are  generally  conducted  in  clean  and  hygienic 
research facilities that are often in direct contrast to the commercial situation, 
suggesting that any results obtained might be difficult to translate to commercial 
practice.  An  ETEC  oral  challenge  model  is  sometimes  chosen  to  mimic  the 
responses  observed  in  a  commercial  setting,  where  newly-weaned  pigs  are 
exposed to a considerable biological challenge,  and responses are most likely 
different to those found in the cleaner environment of an experimental research 
facility.  
Nonetheless, there are many factors to consider in such a model such as live 
weight, dosing concentrations of ETEC, age, health status, animal susceptibility, 
and  types  of  accommodation  for  pigs  (e.g.,  groups  or  the  individual  pen)   16 
(Fairbrother et al., 2005). For instance, Hedemann et al. (2006) suggested that 
individually  accommodated  pigs  might  offer  less  potential  for  oral-faecal 
transmission of ETEC compared with pigs housed in a group pen. In addition, 
Melin et al. (2000) tested the influence of weaning on day 32 and a simultaneous 
challenge with a pathogenic strain (O149; K88) by exposing pigs to the floor 
contaminated  with  10
6 colony-forming  units  (cfu)/cm
2,  which  failed  to  induce 
clinical signs of diarrhoea. However, Jensen et al. (2006) challenged each pig 
with 25 mL PBS solution with 10
9 cfu of the challenge strain through oro-gastric 
intubation to test an experimental challenge model for ETEC O149; F4ac-induced 
diarrhoea in piglets raised on a commercial farm, and demonstrated that 34 out of 
39 pigs had diarrhoea.  
 
1.5 Factors that predispose pigs to PWD   
1.5.1 The composition of diets and feed intake in the weaning transition 
As piglets at weaning receive a solid diet based mainly on plant-derived energy 
(e.g., grains) and protein sources (e.g., oilseed meals and legume-based meals), 
from  complex  carbohydrates  along  with  animal  proteins  such  as  dairy  by-
products and fish meal, piglets need to be equipped with the digestive enzymes 
that are able to hydrolyse these carbohydrates and proteins to utilise nutrients 
from  the  ingredients.  However,  carbohydrases  (i.e.,  α-amylase,  maltase-
glucoamylase and sucrase-isomaltase), proteases (i.e., trypsin, chymotrypsin and 
pancreatic  elastase)  and  lipase  (i.e.,  triacylglytcerolipase,  carboxylesterase  and 
phospholipase) are generally low in activity at birth but increase over time in both 
a diet-dependent and diet-independent manner (Cranwell, 1995). In this regard, 
subsequent maldigestion and malabsorption post-weaning are inevitable  in the 
small intestine as the digestibility of protein and carbohydrates are incomplete, 
and  therefore  undigested  dietary  components  (e.g.,  protein  and  carbohydrate) 
enter  the  large  intestine.  It  has  been  postulated  that  an  imbalance  between 
fermentable carbohydrates and undigested nitrogen peptides entering the large 
intestine  of  newly-weaned  pigs  can  be  a  cause  of  PWD.  This  is  because  the 
microbiota in the large intestine deaminate or decarboxylate or both undigested 
protein materials to generate various toxic compounds such as ammonia, amines, 
indoles, phenols and BCFA, which have been implicated in the aetiology of PWD   17 
(Bolduan et al., 1988; Aumaitre et al., 1995; Pluske et al., 2002).  
 
A general perception in the pig industry is that offering a “creep” feed to piglets 
during  lactation  will  accelerate  enzymatic  maturation  of  the  gut  at  weaning, 
however it is known that piglets weaned prior to 4 weeks of age show limited 
consumption of creep feed during the suckling period (Cranwell, 1995; Reid and 
Hillman, 1999; Jensen, 2001; Leser et al., 2002; Kim et al., 2005; Pluske et al., 
2007b).  Moreover,  reduced  feed  intake  (i.e.,  absence  of  luminal  content  and 
hence  limited  energy  supply)  in  the  immediate  post-weaning  period  has  a 
negative impact on gut integrity and functionality (Pluske et al., 1997).  
Once the pigs resume normal eating behaviour, the digestive capacity of the small 
intestine is likely to be limited due to insufficient pancreatic- and brush border-
enzyme activity (Cranwell, 1995). As a result, increasing amounts of undigested 
feed materials are present in the small intestine, which encourages proliferation of 
micro-organisms; the digesta then passes into the caecum and colon where it is 
fermented  by  autochthonous  micro-organisms.  Undigested  protein  especially 
seems to be problematic.  
 
Another physiological constraint that contributes to the intestinal malfunction at 
weaning is the degree of fasting in the immediate post-weaning period (Pluske et 
al., 2003b) that causes a reduction in villous height and changes in crypt depth 
(Hampson,  1986;  Pluske  et  al.,  1996c).  For  example,  Bruininx  et  al.  (2002) 
reported that approximately 25%, 15%, 5% and 1.6% of weaned pigs did not eat 
their  feed  until  12,  24,  48  and  72  hours  after  weaning,  respectively.  Villous 
atrophy after weaning is caused by a reduction of the mitosis rate. A reduction in 
villous  height  might  be  a  result  of  either  apoptosis  or  the  direct  activity  of 
enteropathogenic bacteria and their interactions in the small intestine. However, it 
has been shown that these histological changes are less pronounced in piglets 
with  higher  post-weaning  feed  intake  (Pluske  et  al.,  1997;  Brooks  and 
Tsourgiannis,  2003).  Nevertheless,  and  after  post-weaning  anorexia  for  a  few 
hours or even up to a few days, piglets can over-eat that would causes other 
physiological  challenges  to  the  intestinal  environment  such  as  maldigestion 
diarrhoea (Buddle and Bolton, 1992). Moreover, overeating followed by fasting 
immediately  after  weaning  increases  stomach  DM  contents,  suggesting  an   18 
increased gastric retention time accompanied with increased pH at the period of 
weaning transition (Manzanilla et al., 2004). In addition, Hansen (2004) observed 
an increased pH of gastric content up to 8 hours after feeding compared with 
before feeding in growing-finishing pigs. 
 
1.5.2 The pH of intestinal digesta  
The  pH  of  intestinal  digesta  can  be  an  indicator  of  intestinal  well-being  and 
microbial activity (Nyachoti et al., 2006). The appropriate pH, however, is rarely 
maintained at weaning  due to many factors such as the  changed diet  and the 
physical constraint to produce sufficient hydrochloric acid (HCl) in the stomach 
(Cranwell, 1995). Piglets are often exposed to a high gastric pH after weaning 
(see Table 1.3) and contributing factors that increase gastric pH at weaning are (і) 
lower  HCl  production  and  feed  intake  (Cranwell,  1995),  (іі)  protein  level 
(buffering effect) (Partanen and Mroz, 1999),  (ііі) dietary  electrolytes  balance 
(Yen et al., 1981; Patience et al., 1987), and (iv) dietary concentration of lactose 
or lactogenic carbohydrates (Pierce et al., 2005). The failure of acidification in 
the stomach, which is the primary physiological defence mechanism to reduce the 
introduction  of  food-born  pathogens,  could  increase  PWD.  The  pH  values  of 
weaned pigs at different segments are shown in Table 1.3.  
A  higher  intestinal  pH  is  known  to  provide  an  optimal  milieu  to  the  ETEC 
colonisation to the enterocytes, which might result in PWD after weaning (Smith 
and  Jones,  1963;  Nagy  and  Fekete,  1999).  In  contrast,  lower  pH  encourages 
proliferation  of  beneficial  bacteria  while  preventing  proliferation  of  harmful 
bacteria (Fuller, 1977). 
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Table 1.3 The pH values of weaned pigs at different segments 
Sites  Range  References 
Stomach  2.6-3.8  Owusu-Asiedu et al.(2003a; 2003b) 
     
Duodenum  5.7-5.9  Nyachoti et al.(2006) 
     
Jejunum  6.0-6.3  Nyachoti et al.(2006) 
     
Ileum  6.0-7.4  Pluske and Hampson (2005) 
Pierce et al.(2006) 
Nyachoti et al.(2006) 
Wellock et al.(2006) 
Htoo et al.(2007) 
     
Caecum  5.4-6.7  Smith and Jones,(1963) 
Pluske and Hampson (2005) 
Pierce et al.(2006) 
Wellock et al.(2006) 
Htoo et al.(2007) 
     
Proximal colon  5.6-6.7  Pluske and Hampson (2005) 
Wellock et al.(2006) 
     
Distal colon  6.3-6.8  Pluske and Hampson (2005) 
Wellock et al.(2006) 
     
Faeces  6.9-7.0  Pluske and Hampson (2005) 
 
The pH in the large intestine of pigs is diet-dependent such as the impacts of 
dietary fibre, especially fermentable fibre due to contribution of VFA and lactate, 
which  lead  to  the  acidification  of  digesta  and  luminal  pH  (Que  et  al.,  1986; 
Williams et al., 2001). It is known that resistant starch and fermentable fibres 
decrease pH in the large intestine, whilst BCFA and ammonia compounds from 
protein fermentation increase pH in the large intestine (Williams et al., 2001). 
 
1.5.3 Establishment of the GIT microbial community 
Pigs are bacterium-free at birth but quickly show an established microbiota from 
food and oral-faecal transmission in their post-birth environment. Establishment 
of the intestinal microbiota is influenced by many factors such as intestinal pH, 
availability of substrates, mucus secretion, peristalsis and transit time along the 
GIT (Hao and Lee, 2004; O'Sulllivan et al., 2005). The dominant bacteria in the 
stomach of the very young pig are Lactobacillus spp., Streptococcus spp. and 
Helicobacter spp. as they can tolerate the low pH environment (Jensen, 2001). 
The bacterial populations in the stomach and the upper site of the small intestine   20 
are lower compared with the other site such as the large intestine, because rapid 
transit time through the former sites makes bacterial adhesion and proliferation 
difficult (Hao and Lee, 2004). Consequently, more events of proliferation and 
colonisation are in the distal part of GIT, and hence greater bacteria population 
due to slower transit time compared with upper sites.  
 
One of the most important influencing factors that affects the total population and 
diversity of the intestinal microflora is diet composition. For example, Castillo et 
al.  (2007)  examined  the  changes  in  caecal  microbiota  by  terminal  restriction 
fragment  length  polymorphism  (T-RFLP)  and  quantitative  polymerase  chain 
reaction (PCR), between pigs fed a post-weaning diet or that remained sucking 
sows’  milk.  The  authors  found  that  the  total  bacterial  counts  were  similar 
between  groups  (12.81  and  12.84  log  gene  copy  number/g,  respectively)  but 
Lactobacilli  and  Enterobacteria  populations  were  different  (1.76  vs.  0.27  log 
gene  copy  number/g,  respectively)  and  microbial  profiles  (i.e.,  percentage  of 
similarity) were different between  groups. This  finding suggests that bacterial 
diversity can be manipulated by weaning and feeding a solid diet. In addition, 
Metzler  et  al.  (2009)  reported  that  feeding  diets  containing  varying  levels  of 
fermentable  carbohydrates  (maize  and  soybean  based  diet  vs.  lignocellulose-, 
maize starch- and pectin-combination treatment) modified bacterial populations 
in the ileal digesta of growing pigs. Pigs fed maize starch had higher cell counts 
of bacterial groups and species (log10 16S rDNA gene copies/g fresh matter) in 
Lactobacillus spp., L. reuteri and L. mucosae than the other treatments. 
On  the  other  hand,  Jeaurond  et  al.  (2008)  demonstrated  that  the  counts  of 
Clostridia  spp.  were  lower  in  pigs  fed  higher  fermentable  carbohydrate  (i.e., 
sugar beet pulp, dried), and tended to increase by increasing dietary levels of 
fermentable  protein  (i.e.,  poultry  meal).  However,  none  of  the  bacterial 
populations such as aerobic Sporeformers, anaerobic Sporeformers, Enterococci, 
E. coli, total Coliforms and Lactobacilli were influenced by protein levels in the 
ileal digesta (Bikker et al., 2006; Nyachoti et al., 2006). However, as the protein 
content lowered (230 g/kg to 130 g/kg CP), the ratio of Lactobacilli to Coliforms 
increased in the colonic contents (Wellock et al., 2006) 
Profound and marked microbial changes in the first 7-14 days after weaning have 
been reported previously (Jensen, 1998; Franklin et al., 2002; Favier et al., 2003;   21 
Yin and Zheng, 2005; Konstantinov et al., 2006). For instance, Franklin et al. 
(2002) observed that at weaning the number of Lactobacilli diminished regardless 
of  the  weaning  age.  Konstantinov  et  al.  (2006)  reported  that  there  were 
significantly  fewer  Lactobacillus  sobrius,  Lactobacillus  acidophilus  and 
Lactobacillus  reuteri  in  ileum  and  colon  digesta  in  weaned  pigs  than  in  pre-
weaned  pigs.  It  was  also  observed  that  Lactobacilli  numbers  decreased  while 
Coliform and E. coli numbers increased in the various regions of GIT at 28 days 
after weaning (Jensen, 1998). 
 
Therefore,  pigs  re-establish  a  microbiota  immediately  after  weaning  and 
consistent results are observed that milk-utilising bacteria such as Lactobacilli 
decrease  dramatically  while  other  potentially  pathogenic  bacteria  such  as 
Coliforms increase in the weaning transition. This means that pigs at weaning are 
more susceptible to overgrowth of potentially pathogenic bacteria such as ETEC 
(Pluske  et  al.,  2002;  Hopwood  and  Hampson,  2003;  Yin  and  Zheng,  2005). 
Therefore,  adequate  manipulation  of  dietary  components  such  as  protein  and 
carbohydrate to encourage establishment of healthy bacterial community is an 
important concept for prevention of PWD. 
 
1.5.4  Using  terminal  restriction  fragment  length  polymorphism  to  assess 
diversity in the GIT microbial community  
Traditionally, changes in bacterial communities and populations in the GIT of 
pigs have relied on culturing techniques, that by virtue of the media used, can 
only detect a very small number of bacterial genera and species present in the 
entire  microbial  community.  For  example,  such  techniques  can  detect  and 
enumerate  populations  such  as  Enterobactericeae,  Enterococci,  E.  coli  and 
Coliforms (Nyachoti et al., 2006; Wellock et al., 2006; Wellock et al., 2009).  
 
Molecular-based  techniques  such  as  terminal  restriction  fragment  length 
polymorphism (T-RFLP) take advantages of the high-resolution, high-throughput 
and  fingerprinting  methodologies  of  automated  sequencing  technologies  to 
separate the polymorphic terminal fragments after restricted digestion, and since 
the polymorphism is based solely on the length of the fragment, direct reference 
can be made to the sequence database (Liu et al., 1997; Marsh, 1999). However,   22 
like all PCR technologies, the crude DNA template concentration or number of 
PCR  cycles  used  or  the  combination  of  both  can  alter  the  complexity  and 
intensity of terminal restriction fragment in T-RFLP (Torok et al., 2008), but not 
differences in the presence of the most dominant peaks (Osborn et al., 2000). To 
increase  the  effectiveness  of  T-RFLP  as  an  analytical  tool  for  microbial 
community, an understanding of restriction sites on 16S ribosomal DNA and of 
the relationship of terminal fragment size of phylogeny is required along with 
reliable database. In this regard, T-RFLP offers a more complete and objective 
opportunity to study changes in bacterial community structure after weaning than 
culture techniques. 
 
1.6 Relationship between dietary protein levels and PWD 
1.6.1 Digestion and fermentation of dietary protein in relation to PWD 
Diets for piglets are sometimes formulated to contain between 200 g/kg-240 g/kg 
CP to support their potential growth, and piglets consume around 400 g diet/day 
(NRC, 1998) at one week after weaning. Högberg and Lindberg (2004) reported 
that the average ileal digestibility coefficients for crude protein ranged between 
0.60-0.70  after  weaning.  However,  even  lower  (as  low  as  0.12)  ileal  protein 
digestibility  was  reported  when  piglets  were  offered  a  barley-based  diet  after 
weaning,  even  though  the  corresponding  figure  at  the  faecal  level  was  0.77 
(Lindberg et al., 2003). Considering the crude protein intake and small intestinal 
digestion  at  weaning,  weaner  pigs  fed  a  “standard”  commercial  diet  under 
Australian conditions could ingest about 92 g CP daily (230 g/kg CP diet and 400 
g feed intake/day), but digest only 55-64 g. The remaining 28-37 g of undigested 
protein of dietary-origin would flow into the large intestine where it is fermented 
by  the  microbiota  and  could  encourage  overgrowth  of  the  nitrogen-utilising 
bacteria  (Piva  et  al.,  1996;  Reid  and  Hillman,  1999).  This  condition  could 
contribute to unbalanced growth of proteolytic and saccharolytic microbiota in 
the large intestine (Pluske et al., 2003b). In this regard, undigested protein could 
cause PWD by contributing to increased levels of toxic by-products (see section 
1.5.1). 
Nyachoti et al. (2006) found that feeding diets decreasing in protein from 230 
g/kg to 170 g/kg CP linearly decreased levels of PUN, NH3-N and VFA in the   23 
ileal digesta. Moreover, villous height (482 vs. 542 µm) and crypt depth (183 vs. 
169 µm) at the jejunum were significantly different between 230 g/kg and 170 
g/kg CP diets, respectively. Similarly, Htoo et al. (2007) reported that pigs fed 
protein diets decreasing from 240 g/kg to 200 g/kg CP reduced levels of NH3-N, 
amines and BCFA in the caecal digesta. A commercial farm study demonstrated 
that  feeding  a  low  protein  diet  (210  g/kg  vs.  180  g/kg  CP)  decreased  the 
frequency of therapeutic treatment for PWD by 25% compared with a pigs fed a 
higher protein diet (Callesen and Johansen, 2006). These findings indicate that 
lower  protein  diets  reduce  the  production  of  potentially  toxic  microbial 
metabolites and therefore could be used as part of an overall strategy to maintain 
intestinal health in weaned pigs.  
 
Bikker  et  al.  (2006)  also  found  that  lower  levels  of  crude  protein  in  the  diet 
resulted  in  a  lower  ammonia  concentration  in  the  small  intestinal  digesta, 
indicating  reduced  protein  fermentation.  However  the  lower  ammonia 
concentration in the ileal digesta herein and by Nyachoti et al. (2006) was not 
correlated to Coliforms or Lactobacilli counts in ileal digesta, and the authors 
claimed that although dietary protein content affects protein fermentation, it may 
not necessarily result in an overgrowth of potential pathogenic bacteria in the 
small  intestine  under  the  experimental  conditions.  However,  it  cannot  be 
excluded  that  counts  of  Coliforms  and  Lactobacilli  do  not  represent  overall 
changes in the intestinal microbiota, as pointed out by Leser et al. (2002).  
Another  way  to  reduce  the  amount  of  undigested  protein  entering  the  large 
intestine, besides reducing the overall dietary content, is to feed more digestible 
proteins to piglets. Wellock et al. (2006) conducted a study to examine the effects 
of  protein  level  and  protein  quality  on  ileal  protein  digestibility  and  selected 
bacterial  populations  in  the  colon.  They  demonstrated  that  decreasing  protein 
levels (230, 180 and 130 g/kg CP) improved faecal consistency and increased the 
ratio of Lactobacilli to Coliforms in the colonic contents, whilst replacing soya 
protein with skimmed milk power did not influence any of the gastrointestinal 
health parameters measured. However, the ileal protein digestibility of skimmed 
milk powder and soya protein were similar (88% and 84%, respectively) in this 
study. This suggests that the non-significant gut health response to the two protein 
sources  was  due  to  their  similar  ileal  protein  digestibility.  In  contrast,  Vente-  24 
Spreeuwenberg  et  al.  (2004)  demonstrated  that  pigs  fed  a  highly  digestible 
protein ingredient (i.e., skimmed milk powder) showed improved performance 
and  increased  villous  height  and  crypt  depth  compared  to  pigs  fed  a  protein 
source with a low ileal protein digestibility (i.e., feather meal).  In addition, a 
recent  study  by Wellock  et  al.  (2009)  tested  the  effects  of  diet  quality  (high-
quality, cooked cereals, and animal protein
 vs. low-quality, raw cereals and plant 
protein)  on  indices  of  intestinal  health,  which  resulted  in  high-quality  diets
 
improving  the  faecal  Lactobacilli
  to  Coliform  ratio  and  decreasing  faecal 
enterotoxigenic
 E. coli counts on day 11 after weaning compared with the low-
quality diets (1.34 vs. 1.21 cfu/g, respectively).  
 
Unlike milk-derived proteins such as skimmed milk powder and casein isolate 
which are highly digestible-ingredients, some protein sources in weaner diets are 
less digestible. For instance, work by Jeaurond et al. (2008) demonstrated that 
pigs fed a diet containing higher levels of fermentable proteins (i.e., poultry meal) 
showed increased PUN levels compared to pigs fed a wheat- and corn-based diet 
(1.29%  vs.  0.55%,  fermentable  protein,  respectively)  despite  similar  dietary 
protein levels (219 g/kg vs. 202 g/kg CP, respectively). Fermentation of these 
undigested  proteins,  mainly  in  the  large  intestine,  releases  potential  epithelial 
irritants such as indole, phenols and ammonia, which are known to be deleterious 
to the intestinal epithelium (Cutler, 1992; Kuller et al., 2004; Thymann et al., 
2007). Furthermore, it was demonstrated in ETEC-infected piglets that increased 
protein fermentation in the colon resulted in a large production of BCFA, which 
have  been  suggested  as  a  contributing  factor  for  expression  of  diarrhoea 
(Smirnova and Reynolds, 2001; Manzanilla et al., 2006).  
 
Apart from dietary protein, several studies showed that carbohydrates resistant to 
enzymic digestion, such as resistant starch and soluble non-starch polysaccrides 
(NSP),  can  also  increase  populations  of  pathogenic  bacteria  and  hence  cause 
bacteria-specific diarrhoea (Pluske et al., 1998; Bikker et al., 2006). However, 
some other workers have reported that resistant starch increases population of 
potentially beneficial bacteria (Topping et al., 2003). 
 
In summary, it appears that lowering the dietary protein content in the immediate   25 
post-weaning  period  is  a  viable  strategy  to  reduce  PWD  and  to  improve  the 
intestinal health of piglets. It is also anticipated that the total amount of protein in 
the  diet  is  more  crucial  than  quality  of  protein  considering  that  most  of  the 
protein-supplementing ingredients used for the formulation of diets for weaner 
pigs are highly digestible. 
 
1.6.2 Balance of AA in a low protein diet  
The  primary  aim  of  an  alternative  strategy  to  using  in-feed  antibiotics  is  to 
minimise intestinal malfunction associated with enteric pathogens. However at 
the same time the strategy should not limit the growth potential of piglets. To date, 
evidence exists that feeding a low protein diet (less than 180 g/kg) in the post-
weaning period reduces protein fermentation in the GIT (Nyachoti et al., 2006; 
Htoo  et  al.,  2007)  and  improves  faecal  consistency  (Nyachoti  et  al.,  2006; 
Wellock et al., 2006). However, albeit with the health promoting effects of the 
lower protein diet, there is some concern that pigs offered a lower protein diet 
show compromised growth performance compared to pigs that receive a higher-
protein diet (Nyachoti et al., 2006; Wellock et al., 2006, 2008b; Yue and Qiao, 
2008).  Contrarily,  other  research  groups  demonstrated  that  piglets  receiving  a 
lower protein diet, while balancing dietary AA to an ideal AA pattern, showed 
comparable growth performance to their counterparts. For example, Figueroa et 
al. (2002) suggested that Val and Ile limit growth when diets differed in protein 
content by more than 40 g/kg. Subsequent studies that formulated a low protein 
diet to an ideal AA pattern (Chung and Baker, 1992) by supplementing crystalline 
AA, including Ile and Val, demonstrated that lowering dietary crude protein as 
low as 170 g/kg CP (Le Bellego and Noblet, 2002; Htoo et al., 2007; Lordelo et 
al., 2008) did not compromise growth of piglets along with abovementioned gut 
health benefits. 
 
These  findings  indicate  that  feeding  a  lower  protein  diet  may  not  hinder  the 
growth of pigs after weaning when pigs had similar N retentions by formulating 
with adequate levels of essential AA (i.e., Lys, Met, Trp and Thr) including Ile 
and Val (Lordelo et al., 2008). Interestingly, Opapeju et al. (2008) found that pigs 
fed lower protein diets (decreasing from 210 g/kg to 170 g/kg CP) decreased 
growth  performance  although  a  lower  protein  diet  was  supplemented  with   26 
essential AA including Ile and Val for a 3-week period after weaning. The authors 
claimed that the use of early-weaned piglets and a shortage of indispensable AA 
in  the  lower  protein  diet  caused  the  inferior  performance.  Further  research  is 
warranted to better understand the effects of a lower protein diet on performance 
of pigs. 
 
1.7 Conclusions 
Protein is one of the major feed-components along with energy in pig nutrition, 
and  normally  high  protein  diets  (i.e.,  200  g/kg  to  240  g/kg  CP)  are  used  to 
maximise genetic growth potential after weaning. However, the ability to digest 
such high specification diets in the GIT of young pigs is generally not reached to 
the  same  extent  as  in  grower  pigs  because  of  the  under-developed  digestive 
enzyme  system  and  damage  of  the  mucosal  layer  at  the  period  of  weaning. 
Consequently,  undigested  substrates  (i.e.,  escaped  protein)  from  the  small 
intestine will be available for fermentation in the large intestine, which can cause 
proliferation of nitrogen utilising microbes and subsequent formation of protein 
fermentation by-products. Thus, feeding a lower protein diet at immediate post-
weaning period was proposed as a dietary strategy where in-feed antibiotics are 
restricted to reduce PWD. 
 
The overall aim of this research thesis is to examine the effects of feeding a lower 
protein diet on PWD, indices of protein fermentation in the GIT, and growth 
performance in weaner pigs. More specifically, the thesis will: 
 
1)  Assess the incidence of PWD and compare performance between pigs fed 
a lower protein diet and pharmacological levels of ZnO in weaner pigs 
challenged with ETEC (Chapter 3); 
2)  Determine the minimum duration of feeding for the lower protein diet to 
reduce  PWD  and  protein  fermentation  indices  without  compromising 
growth of pigs (Chapter 4); 
3)  Determine  the  effect  of  feeding  duration  and  dietary  protein  level  on 
PWD and protein fermentation indices in weaned pigs challenged with 
ETEC (Chapter 5);   27 
4)  Determine the effect of feeding a low protein diet on the histo-physiology 
of the GIT in weaner pigs challenged with ETEC (Chapter 6); and 
5)  Provide some preliminary data related to microbial diversity in the GIT of 
weaner pigs using T-RFLP (Chapter 7). 
 
The general hypothesis tested in this thesis is that feeding a diet lower in protein 
but supplemented with essential AA to maintain an ideal AA pattern would: (i) 
reduce indices of protein fermentation in the GIT and reduce the incidence of 
PWD, and (ii) not impair performance responses compared with pigs fed a diet of 
higher protein content after weaning. 
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Chapter 2 
 
General Materials and Methods 
 
2.1 Animals and housing 
For experiments 1 and 2 (Chapters 3 and 4), 60 (6.1 ± 0.13 kg) and 96 (7.2 ± 0.69 
kg)  pigs  (Large  White  ×  Landrace,  equal  gender  ratio),  respectively,  were 
obtained from a commercial supplier (Jenmar Piggery, Narrogin; and Wandalup 
Farms Ltd., Mandurah, WA, respectively) on the day of weaning (21 ± 2 days) 
and transported to the Medina Research Station (Department of Agriculture and 
Food, Medina, WA). Pigs were individually housed in a wire-mesh floored pen 
(0.5 m elevated from the floor, pen dimension  0.6 m ￿ 0.67 m), which was 
equipped with a nipple bowl drinker and a metal trough (21 cm ￿ 12.8 cm). Pigs 
were offered the experimental diets on an ad libitum basis for the period of study, 
and fresh water was available at all times. Pens were kept in a room where the 
temperature was maintained at 29 ± 1ºC for the initial week, and then gradually 
decreased by 2ºC every week thereafter. The ambient temperature was controlled 
by a reverse-cycle air-conditioning system.  
 
For experiments 3 and 4 (Chapters 5 and 6), 72 (5.9 ± 0.12 kg, female) and 48 
(6.9 ± 0.11 kg, male) pigs (Large White ￿ Landrace) weaned at 21 ± 2 days were 
obtained from a commercial supplier (Wandalup Farms Ltd., Mandurah; and GD 
Pork, Pinjarra, WA) and transported to an animal facility at Murdoch University. 
This facility contained three rooms that allowed infected and non-infected pigs to 
be housed separately, if desired. Pigs were kept in groups of 3 or 6 in plastic-
slatted floor pens (0.5 m elevated from the floor, pen dimension 1.25 m ￿ 2.10 
m), equipped with a nipple bowl drinker and a single-space feeder (23.5 cm ￿ 
30.5 cm). A round feeding bowl was installed in each pen to encourage feed 
consumption  for  the  first  3  days  after  weaning.  Pigs  were  offered  the 
experimental diets on an ad libitum basis for the period of study, and fresh water   29 
was available at all times.The room temperature was maintained at 29 ± 1ºC for 
the initial week, and then gradually decreased by 2°C every week thereafter. 
 
2.2 Experimental designs 
2.2.1 Experiment 1 
The experiment was conducted as a split plot design with the whole plot being 
challenge or no challenge with ETEC and the dietary treatments used as subplots 
and arranged in a completely randomised 2 ￿ 2 factorial design, with the factors 
being: (1) 2 dietary protein levels (251 g/kg vs. 192 g/kg CP), and (2) addition or 
no addition of 2,500 ppm znic oxide (ZnO).  
 
2.2.2 Experiment 2  
This experiment was a completely randomised design with five combinations of 
diet and feeding-duration treatments. The treatments were (1) high protein diet 
(243 g/kg CP) fed for 14 days after weaning, (2) low protein diet (173 g/kg CP) 
fed for 5 days after weaning, (3) low protein diet (173 g/kg CP) fed for 7 days 
after weaning, (4) low protein diet (173 g/kg CP) fed for 10 days after weaning 
(5)  low  protein  diet  (173  g/kg  CP)  fed  for  14  days  after  weaning.  At  the 
conclusion of each treatment piglets were fed a second-phase diet (215 g/kg CP).  
 
2.2.3 Experiment 3 
This experiment was a 3 ￿ 2 factorial design, with the respective factors being: 
(1) 3 feeding regimens: (i) high protein diet (256 g/kg CP) fed for 14 days after 
weaning, (ii) low protein diet (175 g/kg CP) fed for 7 days after weaning, and (iii) 
low protein diet (175 g/kg CP) fed for 14 days after weaning; and (2) without and 
with  ETEC  challenge  (serotype  O149;  K91;  K88).  At  the  conclusion  of  each 
treatment piglets were fed a second-phase diet (213 g/kg CP).  
 
2.2.4 Experiment 4 
The  experiment  was  designed  as  a  2  ￿  2  ￿  2  factorial  arrangement  of 
treatments, with the respective factors being: (1) 2 dietary protein levels (high 
protein, 239 g/kg vs. low protein, 190 g/kg), (2) without and with challenge of 
an enterotoxigenic strain of E. coli (ETEC; serotype O149; K91; K88), and (3)   30 
time  of  feeding  of  the  diet  after  weaning  (7  days  vs.  14  days).  Pigs  were 
euthanased at the end of each feeding period for harvesting of digesta material 
and organs.  
 
2.3 Allocation of pigs, feeding and sample collection 
Pigs were transported on the day of weaning from the commercial supplier (i.e., 
Wandalup Farms Ltd., Jenmar Piggery or GD Pork) either to Medina Research 
Station or to Murdoch University where they were weighed, ear-tagged, swabbed 
and stratified to their respective experimental diets based on initial body weight, 
gender  and  block  within  room  in  the  facilities.  The  pigs  were  offered  their 
respective experimental diets ad libitum for the experimental period and weighed 
weekly. Faecal “grab” samples from each pig that was observed to defecate were 
collected  immediately  from  the  floor  on  days  7  and  14.  Blood  samples  were 
collected on days 7 and 14 from the median body weight pigs, and then both 
faecal and blood samples were stored in a freezer (-20ºC). The collected faecal 
samples were later thawed, mixed, freeze-dried, and ground with a laboratory 
hammer  mill  (though  1  mm  screen;  Glen  Creston  Ltd.,  London,  UK)  before 
chemical analysis.  
 
2.4 Experimental ETEC challenge 
2.4.1 Serotype 
The entrotoxigenic β-haemolytic E. coli serotype O149; K91; K88 [toxins heat 
labile toxins (LT), heat stable toxins (ST; variants STa and STb)] was used for 
experimental infection of the pigs to clinically express post-weaning diarrhoea 
(Chapters 3, 5 and 6). Serotypes were determined by slide co-agglutination at the 
National  E.  coli  Laboratory  at  the  Department  of  Natural  Resources  and 
Environment, Bendigo, VIC, Australia (Hampson et al., 1993). 
 
2.4.2 Preparation of inoculum and inoculation procedure 
A  strain  of  enterotoxigenic  β-haemolytic  E.  coli,  serotype  O149;  K91;  K88 
(toxins  LT,  STa,  STb;  Pig  Health  and  Research  Unit,  Department  of  Primary 
Industries, Bendigo, VIC, Australia), was grown on sheep blood (50 mL/L) agar   31 
plates  (Columbia  base,  Oxoid,  WA,  Australia)  (McDonald  et  al.,  2001),  and 
incubated overnight at 37°C. A representative colony was then removed from the 
plate  and  seeded  into  20  mL  of  sterile  TSB  (Tripticase  Soy  Broth,  Becton 
Dickinson,  USA)  in  a  McCartney  bottle  and  incubated  overnight  at  room 
temperature (20ºC-25ºC). A volume of 4 mL was then aseptically transferred to a 
larger volume of sterile broth (400 mL) and incubated at 37°C for 3-4 hours. 
When the density reached 10
7-10
8 colony-forming units (cfu)/mL, the solution 
was used to infect pigs by oral administration.  
The final E coli concentration was checked using a UV-VIS Spectrophotometer 
(UVmini-1240, SHIMADZU, Kyoto, Japan) with the absorbance read at 600 nm 
against  fresh  sterile  soy  broth,  to  ensure  the  final  suspension  met  the  target 
concentration of E. coli. The final broth was within the range of 0.8 – 1.2 units of 
optical density, which relates to a concentration of approximately 10
7-10
8 cfu/mL. 
Also, the characteristic colony morphology of the β–haemolytic E. coli and final 
E. coli concentrations were also examined by plating the final solution onto sheep 
blood (50 mL/L) agar (Figure 2.1). 
 
 
Figure 2.1 Determined quality control standard curve for E. coli 
 
Each infected pig received 3-10 mL of freshly prepared broth at 72, 96 and 120 
hours after weaning. Detailed amounts are presented in the respective chapters. 
The inoculation procedure, which involved mild restraint of a pig and giving the 
broth per os with a 10-ml syringe, took 15-30 seconds to perform. This procedure 
was  unlikely  to  elicit  any  stress  response  based  on  evidence  in  calves  where 
restraint for less than 1 min followed by bleeding was insufficient to elicit a spike   32 
in cortisol levels (Stilwell et al., 2008).  
 
2.5 Faecal consistency score and the incidence of diarrhoea 
Faeces  were  visually  examined  daily  for  2  weeks  after  weaning  to  determine 
faecal consistency scores and the incidence of diarrhoea. Faeces were assessed 
using a subjective score on a six-point scale ranging from 0 to 5, where: 
 
0 = very hard, often pellet-like faeces 
1 = well-formed faeces, firm to cut 
2 = formed faeces, soft to cut 
3 = faeces falling out of shape upon contact with surfaces, sloppy 
4 = pasty diarrhoea 
5 = liquid diarrhoea (after McDonald et al., 2001).  
 
Data for faecal consistency were then expressed as the mean faecal consistency 
value of pigs having score 0 (0%), score 1 (20%), score 2 (40%), score 3 (60%), 
score 4 (80%) and score 5 (100%).  
 
A faecal consistency score of either 4 or 5 was considered as clinical diarrhoea. 
The  incidence  of  post-weaning  diarrhoea  was  then  expressed  as  the  mean 
proportion of days that pigs had diarrhoea with respect to total days (14 days) of 
observation (Mateos et al., 2006). 
 
2.6 Faecal swabs 
Faecal shedding of β-haemolytic E. coli was assessed at arrival and then again on 
days 5, 7, 10, 12, and 14 after weaning, by inserting a soft cotton bud into the 
anus for the all studies. Swabs were used to inoculate sheep blood (50 mL/L) agar 
plates  (Columbia  base,  Oxoid,  WA,  Australia),  and  then  assessed  for  β-
haemolytic colonies displaying the characteristic morphology of E. coli following 
overnight incubation at 37ºC in air (McDonald et al., 2001). The presence of β-
haemolytic E. coli was then scored using a subjective score on a six-point scale 
ranging from 0 to 5, where:   33 
0 = no growth  
1 = haemolytic E. coli in 1
st section 
2 = haemolytic E. coli in 2
nd section  
3 = haemolytic E. coli in 3
rd section 
4 = haemolytic E. coli in 4
th section 
5 = haemolytic E. coli in 5
th section, present right out to the 5
th section of the 
plate. This was referred to as the swab score. 
 
2.7 Blood sampling 
Blood  samples  (5-10  mL)  were  collected  via  jugular  vein  puncture  into 
vacutainer tubes coated with lithium heparin to analyse PUN and glucose. The 
blood samples were immediately centrifuged at 2,000 ￿ g for 10 minutes at 5°C 
to recover plasma which was stored at -20°C until analysed.  
 
2.8 Post-mortem procedures  
Pigs were administered a single intramuscular injection of 0.1 mL Zoletil (10 mg 
tiletamine + 10 mg zolazepam, Zoletil® 100, Virbac Pty Ltd., Peakhurst, NSW, 
Australia)  plus  0.2  mL  Xylazil  (10  mg  xylazil,  Ilium  Xylazil-100,  Troy 
Laboratories Pty Ltd., Smithfield, NSW, Australia) to induce general anaesthesia, 
and then euthanased with a lethal dose (5 mL) of sodium pentobarbitone solution 
administered  intravenously  (Valabarb;  Euthanasia  Solution,  Pitman-Moore 
Australia  Ltd,  North  Ryde,  NSW,  Australia).  Cervical  dislocation  and 
exsanguination  followed,  reducing  the  amount  of  blood  present  as  a  potential 
contaminant  during  sample  collection  and  weighing.  The  abdomen  was  then 
immediately opened from the sternum to the pubis, and the GIT was removed. A 
faecal sample was taken at this time. The GIT was then divided into four sections 
(stomach, small intestine, caecum and colon) that were tied off with light twine 
before being separated. The small intestine was stripped free of its mesentery and 
laid  on  a  table  into  sections  of  equal  length.  The  full  and  empty  weights  of 
stomach,  the  small  intestine,  caecum  and  colon  were  determined  by  first 
weighing the organ containing its contents and then reweighing the organ after   34 
the contents were removed and was blotted dry. Samples of digesta from the 
stomach, duodenum, jejunum, ileum, caecum, proximal- and distal-colon were 
collected into plastic jars, placed immediately on ice, and later frozen at -20°C for 
subsequent chemical analyses. The pH of digesta was measured by inserting the 
electrode of a calibrated portable pH meter (Schindengen pH Boy-2; Schindengen 
Electric MFG, Tokyo, Japan) into the collected sample. Finally, a 3-4 cm section 
of  tissue  samples  from  the  duodenum,  jejunum  and  ileum  were  removed  and 
carefully washed with phosphate buffered saline and preserved in 10% formalin 
solution for subsequent histological examination and goblet cell count. 
 
2.9 Histology 
After fixation in the 10% phosphate buffered saline for several days, ring shaped 
lengths of small intestine from all three sites and colon were excised, dehydrated, 
and embedded in paraffin wax. From each of these, 6 transverse sections (4-6 
µm) were cut, stained with haematoxylin and eosin, and mounted on glass slides. 
The height of 10 well oriented villi or their associated crypts or both measured 
with  a  light  microscope  (OLYMPUS  CX31,  Tokyo,  Japan)  using  a  calibrated 
eyepiece graticule  (after Pluske et al., 1996b).  
 
2.10 Chemical Analyses 
2.10.1 Dry matter 
Dry matter (DM) was determined using AOAC official method 930.15 (AOAC, 
1997), except 0.5 g samples were used instead of 2 g samples, according to the 
method described by Kim (2003). The determined DM value using the modified 
method did not differ (P <0.1, paired t-test) from the value determined using the 
original (AOAC) method. 
 
2.10.2 Crude protein 
The  nitrogen  content  of  samples  or  diets  was  determined  using  a  combustion 
method (AOAC official method 990.03, AOAC, 1997) at The South Australian 
Research and Development Institute (SARDI, SA, Australia). A LECO FP-428 
(LECO Corp., St. Joseph, MI, USA) N analyser was used. The CP content was   35 
calculated using a multiplication factor of N ￿ 6.25.  
 
2.10.3 NDF and ADF 
The neutral detergent fibre (NDF) and acid detergent fibre (ADF) contents of diet 
samples were determined in duplicate using the method described by Robertson 
and Van Soest (1981), and using AOAC official methods 2002.04 and 973.18, 
respectively  (AOAC,  1997).  These  measurements  were  determined  in  an 
accredited nutritional laboratory at Victoria (FEEDTEST, VIC, Australia). 
 
2.10.4 VFA 
The  volatile  fatty  acids  (VFA)  concentrations  were  determined  in  duplicate 
samples  using  the  following  described  methods.  Thawed  faecal  samples  were 
diluted  1:1  (w/v)  with  distilled  water  (DW),  mixed,  centrifuged  and  the 
supernatant fraction was analysed chromatographically. The supernatant fraction 
(0.1 mL) was added to 1ml internal standard solution containing 3-methyl valeric 
acid before processing with capillary gas-chromatography. A working standard 
and a control (DW) were included in each run of the analysis, with the working 
standard containing acetic acid (60 mM), propionic acid (20 mM), isobutyric acid 
(6.67 mM), butyric acid (20 mM), isovaleric acid (10 mM), valeric acid (10 mM). 
The Hewlett Packard 5890A capillary gas-chromatography (Agilent Technologies, 
Forrest  Hill,  Victoria,  Australia)  was  maintained  at  injector  and  detector  FID 
settings  of  260ºC  and  265°C,  respectively,  and  an  initial  and  final  oven 
temperature of 120ºC and 240°C, respectively. The carrier gas flow rate was 5 
mL/min  and  the  split-flow  rate  was  70  mL/min.  The  Hewlett  Packard 
Chemstation  integration  system  was  used  to  calculate  the  VFA  concentrations 
from the area of the peaks. This measurement was done at the Animal Health 
Laboratory at the Department of Agriculture and Food (WA, Australia).  
 
2.10.5 Amino acids 
The amino acids (AA) contents in the diets were measured according to a method 
described by Cohen (2001). Samples were freeze-dried and grounded through a 
laboratory  hammermill  (1  mm  screen,  Cyclotec  1093;  Tecator  AB,  Höganäx, 
Sweeden). A 200-300 mg sample was hydrolysed with acid [6M hydrochloric 
acid (HCl)] to convert protein-bound AA into free AA. The AA in the hydrolysate   36 
then  underwent  pre-column  derivitization  with  6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate. For Trp analysis, a separate 50-100 mg sample 
was  hydrolyzed  in  an  alkaline  solution  [5M  sodium  hydroxide  (NaOH)  and 
neutralized  before  pre-column  derivitization.  The  AA  derivatives  were  then 
separated  and  quantified  by  reversed  phase  high  performance  liquid 
chromatography (HPLC; ACQUITY UPLC system with ultraviolet (UV) detector, 
Waters Corporation, Milford, MA, USA). For all analyses a Waters AccQ-Tag 
Ultra  column  (BEH  C18,  2.1  ￿  100  mm;  1.7  µm)  was  used  with  column 
temperature at 55ºC, detection at 260 nm, and the flow rate 0.7 mL/min. This 
analysis was done at the Australian Proteome Analysis Facility (APAF Ltd., NSW, 
Australia). 
 
2.10.6 PUN and plasma glucose 
Plasma  urea  nitrogen  (PUN)  and  plasma  glucose  were  determined  using  an 
enzymatic  (urease)  kinetic  method  and  on  a  hexokinase  method,  respectively 
(Randox Laboratories Ltd., Crumlin, Co., Antrim, UK). The both assays were 
performed on an automated analyser (RX Daytona, Randox Laboratories Ltd., 
Crumlin, Co., Antrim, UK). Both metabolites were determined in the Clinical 
Pathology Laboratory at Murdoch University (WA, Australia). 
 
2.10.7 Ammonia-N 
The  ammonia-N  (NH3-N)  concentration  in  fresh  faecal  samples  and  intestinal 
content were measured according to a method described by Weatherburn (1967). 
Duplicate samples were mixed with 10% TCA (trichloracetic acid) at a 1:1 ratio 
(w/v) and centrifuged at 3,000 ￿ g for 10 minutes. Samples were then diluted 5-
fold (v/v) with distilled water. After deproteinisation, the ammonium present in 
the liquid was transformed with phenol and hypochlorite in an alkaline solution 
into indolphenolblue. This reaction is named after Berthelot: 
 
2C6H5O
- + NH3 + 3CLO
- → 
-OC6H4N = C6H4O + 2H2O + OH
- + 3Cl
- 
 
The intensity of the blue colour formed in the above reaction is linear with the 
NH3-N  concentration.  The  absorbance  at  623  nm  was  measured  using  a 
spectrophotometer (UVmini-1240, SHIMADZU, Kyoto, Japan).   37 
To determine the standard curve, a standard ammonium stock solution [100 ppm 
(mg/L)  NH3-N]  was  prepared  by  dissolving  472  mg  ammonium  sulphate 
[(NH4)2SO4, Ajax Finechem, NSW, Australia] in a 1-L volumetric flask with DW, 
filled to the mark. For the calibration line the following concentrations were used: 
five times of 0, 5, 10, 15, 20, 25 and 30 ppm NH3-N. To prepare these standards 0, 
5,  10,  15,  20,  25  and  30  mL  of  the  stock  solution  were  pipette  in  100  mL 
volumetric flasks, respectively, made up to 100 mL with water and mixed well, 
and  were  then  measured  at  623  nm  against  water  on  a  UV-VIS 
Spectrophotometer (UVmini-1240, SHIMADZU, Kyoto, Japan).(Figure 2.2) 
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Figure 2.2 Determined standard curve for NH3-N 
 
2.10.8 Gross energy 
The gross energy (GE) content was determined at The South Australian Research 
and  Development  Institute  (SARDI,  SA,  Australia)  using  a  ballistic  bomb 
calorimeter  (SANYO  Gallenkamp,  Loughborough,  Leicestershire,  UK). 
Approximately  1  g  of  sample  was  combusted  and  then  the  energy  value  was 
estimated against the standard value obtained from benzoic acid (BDH, Merck 
Pty Ltd., Kilsyth, Australia).    38 
2.10.9 Titanium dioxide (TiO2, indigestible marker) 
Titanium dioxide (TiO2) contents in the diet and ileal samples were measured 
according to the method described by Short et al. (1996). The efficacy of TiO2 as 
a digestibility marker has previously been validated in pigs and chickens (>95% 
recovery in ileal and faecal samples) (Jagger et al., 1992; Short et al., 1996; Yin et 
al., 2000; Kim, 2003). 
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Figure 2.3 Determined standard curve for TiO2 
 
To  determine  the  standard  curve,  a  standard  TiO2  solution  (0.5  mg/L)  was 
prepared by dissolving 250 mg TiO2 (Sigma Chemical Company, St. Louis, MO, 
USA) in 250 mL 7.4 M sulphuric acid in a heatproof glass beaker by heating just 
below  boiling  point.  The  beaker  content  was  quantitatively  transferred  to  1L 
volumetric  flask  filled  with  250  mL  7.4  M  sulphuric  acid.  The  content  was 
diluted up to volume with DW. Graded amounts of the standard solution (0-5 mL) 
were added to 50 mL volumetric flask to make 5 mL of combined volume with 
7.4 M sulphuric acid. A volume of 10 mL hydrogen peroxide (H2O2, 30% v/w) 
was  added  to  each  flask  for  colour  reaction,  and  the  content  was  diluted  to 
volume  with  DW  before  the  absorbance  was  read  at  410  nm  on  a  UV-VIS 
Spectrophotometer (UVmini-1240, SHIMADZU, Kyoto, Japan) (Figure 2.3). 
 
2.10.10 Digestibility of dietary components    39 
Digestibility of dietary components was calculated using the following equation: 
•  Total tract apparent digestibility = 
 
TiO2 Diet 
X Diet 
TiO2   Faecal
X   Faecal
  -  
TiO2 Diet 
X Diet 
 ￿ 100 
 
•  Apparent ileal AA digestibility = 
 
TiO2 Diet 
X Diet 
TiO2   Ileal
X   Ileal
  -  
TiO2 Diet 
X Diet 
 ￿ 100 
•  Where, X is the dietary component such as AA, dry matter, energy or 
nitrogen. 
 
2.11 Terminal restriction fragment length polymorphism  
Terminal  restriction  fragment  length  polymorphism  (T-RFLP)  is  a  molecular 
technique  for  profiling  of  microbial  communities  based  on  the  position  of  a 
restriction site closest to a labeled end of an amplified gene. The method is based 
on digesting a mixture of polymerase chain reaction (PCR) amplified variants of 
a single gene using one or more restriction enzymes and detecting the size of each 
of the individual resulting terminal fragments using a DNA sequencer. The result 
is a graph image where the X axis represents the sizes of the fragments and the Y 
axis represents their fluorescence intensity. 
 
2.11.1 DNA extraction  
The DNA from faeces were isolated using the QIAamp DNA Stool Mini Kit (Cat 
no. 51504; QIAGEN, Victoria, Australia). Briefly, 180-240 mg (wet weight) of 
faecal sample was homogenized and lysed in 1.4 ml of buffer ASL at 95°C for 5 
min, and the suspension was further disintegrated by vortex vigorously for 15 
seconds. Afterwards, samples were centrifuged at 14,000 ￿ g for 1 minute to 
pellet digesta particles and then 1.2 ml of supernatant was collected into a 2.0 ml 
Eppendorf tube and treated with one InhibitEX tablet (Cat no. 51504; QIAGEN, 
Victoria, Australia) to remove the DNA-damaging substances and PCR inhibitors 
present in the sample. After 3 minutes centrifugation at 14,000 ￿ g, 200 µl of 
supernatant was digested with proteinase K and precipitated with ethanol. The   40 
DNA in the sample was further purified on a QIAamp spin column according to 
the manufacturer's instructions and eluted in 100 µl of buffer AE. Buffer ASL 
without sample was treated in parallel to each of the extraction procedures to 
serve as negative control of the sample preparation. 
 
2.11.2 Polymerase chain reaction conditions and polymerase chain reaction 
purification procedures and T-RFLP 
Primers,  6-carboxy-fluorescein-labeled  forward  primer  (SIGMA-ALDRICH, 
Australia):  S-D-Bact-0008-a-S-20  (5′-6FAM-AGAGTTTGATCMTGGCTCAG-
3′)  and  reverse  primer  PH1522  (5′-AAGGAGGTGATCCAGCCGCA-3′),  were 
used to amplify a highly variable section of the 16S rRNA gene (Castillo et al., 
2007).  The  forward  primer  was  fluorescently  labeled  (SIGMA-ALDRICH, 
Australia) to allow detection of the PCR fragments by capillary electrophoresis. 
Briefly, the Polymerase chain reaction (PCR) mixture (50 µl) contained 2.0 µl of 
each primer (SIGMA-ALDRICH, Australia), 0.2 µl of DNA, 5.0 µl polymerase 
[5.5 U per µl; DyNAzyme™II (Genesearch Pty Ltd., QLD, Australia)], the 10 ￿ 
PCR-reaction buffer (Genesearch Pty Ltd., QLD, Australia), which contains 6.0 
µl of MgCl2, 27.8 µl of H2O and 2.0 µl of DNA template. The condition of the 
PCR reactions were as follows: 1 minute at 95°C; 30 cycles of 30 seconds at 
95°C, 30 seconds at 57°C, and 45 seconds at 72°C; and 10 minutes at 72°C. 
Three replicate PCRs (50 µl) were run, the amplicons were pooled, purified with 
QIAquick  PCR  purification  kit  (catalogue  no.  28016;  QIAGEN,  Victoria, 
Australia),  and  eluted  (50  µl).  The  PCR  products  were  visualized  by 
electrophoresis in a 1% agarose gel stained with ethidium bromide. The PCR 
products were purified using a QIAquick PCR purification kit according to the 
manufacturer’s instruction (Catalogue no. 28106: QIAGEN, Victoria, Australia). 
To produce T-RFLP, purified PCR product was digested by using HhaI (10 µl of 
PCR products, 10 units of HhaI, 1.0 µl of HhaI, 2.0 µl of NE buffer and 0.2 µl of 
bovine serum, New England  Biolabs,  Inc., US). 16S rDNA PCR-product was 
incubated  at  37°C  for  16  hours  followed  by  digestion  enzyme  inactivation  at 
65°C  for  20  minutes.  Afterwards,  the  precise  of  lengths  of  T-RFLP  was 
determined  on  ABI  3730  automated  DNA  sequencer  (Applied  Biosystems, 
Australia). 1 µl of fluorescently labeled fragments, 9.75 µl of Hi Di formamide 
and 0.2 µl of a DNA size standard (600 LIZ Size, Applied Biosystems, Australia)   41 
were mixed together before application to the capillaries. An electropherogram 
with peaks of different sizes was obtained for each sample, and each peak was 
analysed by using GeneMapper 3.7 software (Applied Biosystems, Australia). 
 
2.11.3 Bioinformatics analysis of T-RFLP peaks 
A database was created for this study. A number of pure cultures DNA extracts 
were  obtained  and  thereafter  a  single  pure  culture-extracted  DNA  of  T-RFLP 
analysis was conducted at Western Australian State Agricultural Biotechnology 
centre (SABC) at Murdoch University (Table 2.1). Relative amplicon frequencies 
were  determined  as  relative  signal  intensities  of  T-RFLP  with  peak  height 
analysis or peak area integration. Signals with a peak height below 100 relative 
fluorescence units (Osborn et al., 2000) or with a peak area contribution below 
1%  (Lukow  et  al.,  2000)  or  threshold  of  50  relative  fluorescent  units  were 
excluded (Dunbar et al., 2001), as they were regarded as background noise and 
excluded from the analysis. The database was used to compare triplicate T-RFLP 
profiles  (aliquots  of  a  pooled  digestion  per  sample)  and  identify  synonymous 
fragment sizes (± 2 base pairs) (Torok et al., 2008) and the peaks falling within 
the  range  from  50  to  600  base  pairs  (bp)  were  evaluated.  For  each  sample  a 
derivative  profile  was  then  created  from  the  average  position  and  height  of 
reproducible  terminal  restriction  fragments.  Terminal  restriction  fragments 
without background noise of the total relative peak height per sample were used 
in subsequent calculations. 
 
Table 2.1 HhaI digested T-RF lengths for the cultures for a reference library. 
Bacterial strain  Origin (or  source)  BP
1 
Pseudomonas aeruginosa  Skin swab isolate, Murdoch University  151 
Streptococcus equi  Horse isolate, Murdoch University  236 
Lactobacilli spp  Unknown origin, Murdoch University  368 
Escherichia coli
2  Pig isolate, Murdoch University  370 
Proteus mirabilis  Pig isolate, Murdoch University  371 
Lactobacillus casei  Dairy isolate, Murdoch University  579 
Megasphaera elsdenii  Sheep isolate, Murdoch University  588 
Lactobacillus acidophillus  Dairy isolate, Murdoch University  593 
1Base pairs 
2Serotype O149; K91; K88 
   42 
2.12 Statistical analysis 
All  measured  variables  were  evaluated  using  the  GLM  procedures  of  (either 
version 14.0 or 16.0, SPSS Institute, Chicago, Illinois, USA). Detailed methods 
are presented in respective chapters.   43 
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Abstract  The  interactive  effects  of  dietary  protein  level,  zinc  oxide  (ZnO) 
supplementation and infection with ETEC on the incidence of PWD, indices of 
protein fermentation and performance were examined. Ninety-six, individually-
housed 21-day-old pigs (1:1, mael: female gender ratio) initial BW of 7.2 ± 0.69 
kg, were used in a split plot experiment, with the whole plot being challenge or 
no challenge with ETEC and the dietary treatments used as subplots and arranged 
in a completely randomised 2 ￿ 2 factorial design, with the factors being (і) 2 
dietary protein levels (251 g/kg vs. 192 g/kg CP) and (іі) addition or no addition 
of 2,500 ppm ZnO. No antibiotic was added to the diet. The ETEC infection 
decreased ADG (P<0.001) and feed conversion efficiency (P<0.01). Protein level 
had  no  effect  on  performance  of  pigs  while  ZnO  supplementation  increased 
(P<0.001) ADG and ADFI and feed conversion efficiency (P<0.001). Feeding   44 
either a lower protein diet or ZnO decreased (P<0.05) the incidence of PWD, 
while infection marginally increased PWD (P<0.10). There were no 2- or 3-way 
interactions  (P>0.05)  between  the  independent  variables  for  performance  and 
PWD. The ETEC infection increased faecal E. coli shedding on days 5 and 7 
(P<0.001  and  P<0.01,  respectively)  compared  with  non-infected  pigs,  while 
feeding  a  lower  protein  diet  decreased  E.  coli  shedding  on  day  7  (P<0.05) 
compared  with  feeding  a  higher  protein  diet.  Feeding  a  lower  protein  diet 
decreased (P<0.001) PUN and faecal NH3-N contents, but had no effect on faecal 
VFA  concentrations.  The  results  indicate  that  feeding  a  higher  protein  diet 
supplemented with  ZnO or feeding a lower protein diet without ZnO to pigs 
could be used as a dietary strategy to minimise the post-weaning “growth check” 
and reduce PWD. 
 
Key Words: E. coli, growth performance, post-weaning diarrhoea, protein, zinc 
oxide 
 
3.1 Introduction 
Post-weaning  diarrhoea  (PWD)  is  a  multifactorial  disease  that  reduces 
production  efficiency  through  decreased  growth  and  increased  morbidity  and 
mortality within the first 2 weeks after weaning (Hampson, 1994; Pluske et al., 
1997; Madec et al., 2000; Pluske et al., 2002). The disease is typically associated 
with faecal shedding of β-haemolytic strains of ETEC that particularly proliferate 
in the small intestine of both healthy and unhealthy pigs (Osek, 1999; Schierack 
et  al.,  2006)  in  the  post-weaning  period.  The  ETEC  causes  hypersecretory 
diarrhoea  and  a  range  of  other  effects  including  (but  not  all  encompassing) 
dehydration, reduced feed intake, reduced nutrient digestibility, reduced growth 
and even death (Hampson, 1994).  
 
Despite commercial weaner diets formulated to contain 220 g/kg to 240 g/kg CP 
to  encourage  maximum  lean  growth  of  the  modern  genotype,  the  average 
digestibility coefficients for crude protein, when measured at the terminal ileum, 
range  between  60%-70%  after  weaning  (Högberg  and  Lindberg,  2004). 
Undigested protein from dietary origin plus endogenous protein would flow into   45 
the  large  intestine  and  be  fermented  by  the  microbiota,  and  could  stimulate 
growth of the nitrogen utilising bacteria (Piva et al., 1996; Reid and Hillman, 
1999). This condition could contribute to an unbalanced growth of proteolytic 
(protein digesting) versus saccharolytic (carbohydrate digesting) microbiota in 
the large intestine (Piva et al., 1996). Microbial fermentation of the undigested 
dietary  protein  could  exacerbate/cause  PWD  by  contributing  to  an  increased 
production of toxic and osmotically active by-products such as BCFA, indole, 
phenols, ammonia and biogenic amines (Bolduan et al., 1988; Aumaitre et al., 
1995; Williams et al., 2001; Pluske et al., 2002). Therefore, the control of protein 
fermentation in the large intestine and (or) distal small intestine is likely to be a 
critical factor in reducing PWD. 
 
One  way  to  control  the  amount  of  protein  being  available  for  microbial 
fermentation and hence possibly reduce the risk of pigs succumbing to PWD is to 
feed lower protein diets. For example, Nyachoti et al. (2006) found that reducing 
the protein content of diets from 230 g/kg to 170 g/kg CP linearly decreased 
PUN, NH3-N and VFA in ileal digesta. Similar results were reported by Htoo et 
al. (2007) showing that lowering dietary protein content from 240 g/kg to 200 
g/kg CP diet linearly reduced NH3-N, amine and BCFA concentrations in the 
caecal digesta. 
 
An alternative to lower protein diets for the control of PWD is ZnO, which when 
added  to  diets  at  pharmacological  levels,  can  reduce  the  incidence  of  PWD 
(Poulsen, 1995) and improve performance after weaning (Poulsen, 1995; Carlson 
et al., 1999). Numerous mechanisms, such as improved small intestinal mucosal 
integrity (Li et al., 2006) and permeability (Sturniolo et al., 2002), have been 
proposed for its efficacy. ZnO is most likely a more cost-effective strategy in 
controlling PWD than feeding a lower protein diet fortified with crystalline AA 
such as Ile and Val, hence could be added to higher (and hence cheaper) protein 
diets to provide a more affordable means of controlling PWD without recourse to 
antimicrobial compounds.  
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With this in mind, the overall aim of this study was to examine the interactive 
effects  of  dietary  protein  level,  dietary  supementation  with  ZnO,  and  ETEC 
infection on the expression of PWD. The specific hypotheses tested were:  
(і)  The  incidence  of  PWD  will  be  similar  between  pigs  fed  a  higher 
protein diet supplemented with ZnO and pigs fed a lower protein diet,  
(іі)  Feeding  a  lower  protein  diet  will  reduce  indices  of  protein 
fermentation (e.g., PUN and NH3-N), and 
(iii) Feeding a lower protein diet will not negatively affect growth of pigs 
while ZnO supplementation will improve growth performance. 
 
3.2 Materials and Methods 
The  experimental  protocol  used  in  this  study  was  approved  by  the  Western 
Australian Department of Agriculture and Food Animal Ethics committee (AEC 
3-08-19). Animals were handled according to the Australian Code of Practice for 
the Care and Use of Animals for Scientific Purposes (CSIRO, 2008). 
 
3.2.1 Experimental design 
The experiment was conducted as a split plot design (n = 12 pigs per treatment 
combination) with the whole plot being challenge or no challenge with ETEC 
and  the  dietary  treatments  used  as  subplots  and  arranged  in  a  completely 
randomised 2 ￿ 2 factorial design, with the factors being: (і) 2 dietary protein 
levels (251 g/kg vs. 192 g/kg CP) and (іі) addition or no addition of 2,500 ppm 
ZnO. Pigs were fed the experimental diets for 3 weeks after weaning, but at the 
end  of  second  week,  8  pigs  of  median  BW  and  the  same  gender  ratio  per 
treatment were selected from the non-challenged groups, and were euthanased to 
harvest digesta material and organs. 
 
3.2.2 Animal, housing, diets and management 
Ninety  six  (1:1,  mael:  female  gender  ratio)  individually  housed  pigs  (Large 
White ￿ Landrace) weighing 7.2 ± 0.69 kg (mean ± SEM) and weaned at 21 
days were used. Pigs were acquired from a commercial supplier (Jenmar Piggery, 
Narrogin,  WA)  on  the  day  of  weaning  and  transported  to  a  temperature-
controlled room at Medina Research Station (MRS), where they were ear-tagged,   47 
weighed and randomly blocked and allocated to the treatments based on their 
initial BW and gender. The pens were wire-mesh floored crates having a space 
allowance 0.4 m
2 per pig. Each pen was equipped with a nipple bowl drinker and 
a metal trough. The ambient temperature was maintained at 29 ± 1ºC for the 
initial week and then gradually decreased by 1ºC every week. Pigs were offered 
the  experimental  diets  on  an  ad  libitum  basis  for  3  weeks,  and  were  freely 
accessible to the water at all times. Feed intake was recoded on a weekly basis as 
feed disappearance from the feeder. 
 
Diets  were  formulated  to  contain  the  same  DE  content  but  different  protein 
concentrations  with  and  without  ZnO  supplementation  and  were  formulated 
using tabulated standardised ileal digestible AA contents (Sauvant et al., 2004). 
All diets were formulated to at least contain the ideal pattern of ileal digestible 
AA according to Chung and Baker (1992). Crystalline AA (Lys, Met, Trp and 
Thr)  were  added  to  both  the  higher  protein-  and  lower  protein-diets,  with 
crystalline Ile and Val added to the lower protein diets to achieve the ideal pattern 
of  essential  AA.  All  diets  were  fed  in  mash  form.  Composition  and  nutrient 
contents  of  the  experimental  diets  are  presented  in  Tables  3.1  and  3.2.  Feed 
intakes were measured daily and the pigs were weighed weekly for 3 weeks.   48 
Table 3.1 Composition of the experimental diets (g/kg, as-fed basis) 
Protein level (PL)  High protein (HP)  Low protein (LP) 
Zinc Oxide (ZnO)  –  +  –  + 
Ingredients 
Barley   250.0  250.0  250.0  250.0 
Wheat  353.6  351.6  434.3  432.5 
Mill Run      10.0  3.5 
Pea protein isolate
1  30.0  30.0  27.7  23.8 
Soybean meal  230.0  230.0  99.3  105.5 
Fishmeal   25.0  25.0     
Skim milk powder   58.4  55.9  95.8  100.0 
Canola oil   29.3  31.1  40.0  40.0 
Vitamin/mineral premix
2   1.0  1.0  1.0  1.0 
Limestone   7.7  7.7  13.9  13.7 
Dicalcium phosphate   11.9  12.0  13.4  13.2 
Salt   1.0  1.0  1.0  1.0 
ZnO
3    2.5    2.5 
Choline Chloride  0.2  0.2  0.6  0.5 
L-Lys   0.8  0.9  5.5  5.5 
DL-Met  1.0  1.0  2.3  2.3 
L-Thr  0.1  0.1  2.3  2.3 
L-Trp       0.3  0.2 
L-Ile       0.4  0.4 
L-Val       2.2  2.1 
Calculated composition 
Crude protein, g/kg  235.0  234.0  185.0  185.0 
DE, MJ/kg  14.5  14.5  14.5  14.5 
SID
4,5 Lys, g/MJ DE  0.86  0.86  0.86  0.86 
Starch, g/kg  368  367  410  409 
Calculated SID AA content, g/kg 
Essential AA 
Arg  12.0  12.0  7.7  7.9 
His  4.6  4.6  3.3  3.4 
Ile  9.6  9.6  7.5  7.5 
Leu  16.2  16.1  12.5  12.5 
Lys  12.5  12.5  12.5  12.5 
Met  4.3  4.2  4.8  4.8 
Phe  8.8  8.8  6.5  6.6 
Thr  7.9  7.9  8.1  8.1 
Trp  2.6  2.6  2.2  2.2 
Val  9.0  8.9  8.5  8.5 
Non-essential AA 
Ala  7.3  7.3  4.8  5.0 
Asp  16.7  16.6  10.7  11.1   49 
Glu  41.1  41.0  32.6  33.2 
Gly  7.5  7.4  4.9  5.0 
Pro  12.4  12.3  11.3  11.5 
Ser  8.8  8.7  6.5  6.7 
Tyr  6.6  6.6  5.0  5.1 
1Pea Protein Powder (KIRKMAN
® Laboratory, VIC, Australia), provided the following 
AA composition (per 100 g of the product): Ala 5.0 g, Arg 8.7 g, Asp 12.4 g, Cys 0.8 g, 
Glu 13.7 g, Gly 4.6 g, His 2.5 g, Ile 5.6 g, Leu 8.4 g, Lys 6.8 g, Met 1.3 g, Phe 6.3 g, Pro 
5.29 g, Ser 4.8 g, Thr 4.3 g, Trp 1.1 g, Tyr 3.1 g, Val 5.3 g. 
2BJ Grower 1 (BioJohn Pty Ltd., WA, Australia), provided the following nutrients (per 
kg of air-dry diet): 
Vitamins: A 7000 IU, D3 1400 IU, E 20 mg, K 1 mg, thiamine 1 mg, riboflavin 3 mg, 
pyridoxine 1.5 mg, cyanocobalamin 15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 
mg, niacin 12 mg, biotin 30 µg. Minerals: Co 0.2 mg (as cobalt sulphate), Cu 10 mg(as 
copper sulphate), iodine 0.5 mg (as potassium iodine), iron 60 mg (as ferrous sulphate), 
Mn 40 mg (as manganous oxide), Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc 
oxide). 
3159.15 mg zinc/kg 
4SID: standardised ileal digestible. 
5SID  AA:  standardised  ileal  digestible  AA  contents  were  calculated  according  to 
(Sauvant et al., 2004)   50 
Table  3.2  Analysed  chemical  composition  (g/kg,  as-fed  basis)  of  the 
experimental diets 
Protein level (PL)  High protein (HP)  Low protein (LP) 
Zinc oxide (ZnO)  –  +  –  + 
Analysed composition, g/kg  
Crude protein  245  256  195  189 
Crude fat   53  62  63  63 
Crude fibre  39  33  38  28 
ADF  46  57  48  43 
NDF  116  105  115  102 
Zinc, mg/kg  121  1985  123  1931 
Copper, mg/kg  18  17  20  20 
Total AA, g/kg 
Arg  15.8  15.7  10.4  9.7 
His  6.1  5.9  4.2  4.0 
Ile  10.7  10.4  7.8  7.3 
Leu  18.3  17.7  13.0  12.4 
Lys  14.5  14.3  13.0  11.6 
Met  4.3  4.4  4.2  3.8 
Phe  11.7  11.3  8.3  7.9 
Thr  9.1  9.1  8.3  7.4 
Val  12.2  11.9  11.0  9.7 
Ala  10.4  10.0  6.8  6.5 
Asp  22.1  20.8  13.2  13.0 
Glu  46.5  44.9  35.2  35.7 
Gly  10.2  9.9  6.9  6.6 
Pro  14.8  14.5  12.3  12.1 
Ser  11.5  11.3  8.2  7.8 
 
3.2.3 Infection procedures 
Experimental infection with ETEC was conducted at 76, 96 and 120 hours after 
weaning using the procedures described previously (Chapter 2.4). Each infected 
pig received 8 mL, 10 mL, and 10 mL of freshly prepared broth, respectively, to 
provide 1.3 ￿ 10
8 colony-forming units (cfu)/mL of ETEC per pig. 
 
3.2.4 Post-mortem procedures  
Eight pigs per treatment (n = 32) closest to the median BW and the same gender 
ratio in the non-infected groups were selected at the start of the experiment. At 
day 14 after weaning, 4 pigs from each treatment combination were euthanased 
according to procedures are described in Chapter 2.8. 
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3.2.5 Faecal shedding of β-haemolytic E. coli. 
Shedding of β-haemolytic E. coli was measured upon arrival and then on d 3, 5, 
7, 10, 12 and 14 after weaning for all pigs. Details of procedures used to measure 
faecal shedding of β-haemolytic E. coli are described in Chapter 2.5. 
 
3.2.6 Assessment of faecal consistency and incidence of PWD 
Faeces were visually examined daily for 2 weeks after weaning to determine 
faecal consistency scores and the incidence of diarrhoea. Faecal consistency was 
determined  using  procedures  described  in  Chapter  2.5.  A  faecal  consistency 
score  of  either  4  or  5  was  considered  as  clinical  diarrhoea.  Methods  for 
expression  of  faecal  consistency  and  the  incidence  of  PWD  are  described  in 
Chapter 2.5. 
 
3.2.7 Blood and faecal sampling 
Blood and faecal samples were collected on days 7 and 14 from all pigs. Detailed 
procedures are described in Chapter 2.7. Faecal samples were collected every 30 
minutes between 09:00 and 12:00 O’clock and were immediately stored at -20ºC 
until analysed for BCFA, pH, faecal NH3-N. 
 
3.2.8 Mucosal histology 
For measurement of villous hight and crypt depth, a 10-cm segment each of three 
sections of the small intestine was removed at the duodenum (5 cm cranial to the 
pyloric  sphincter),  jejunum  (approximately  midway  along  the  small  intestine) 
and  ileum  (5  cm  cranial  to  the  ileo-caecal  junction).  Tissue  preparation  and 
methods  for  microscopic  measurements  were  conducted  following  standard 
histological procedures described in Chapter 2.9. 
 
3.2.9 Chemical analyse  
The VFA, AA, PUN, faecal NH3-N, DM, N, NDF, ADF and GE were determined 
at days 7 and 14 as described previously (Chapter 2.10.1 – 2.10.8). 
 
3.2.10 Statistical analyses 
Data were analysed using the GLM procedure of SPSS (version 16.0, SPSS Inc., 
Chicago, Illinois, USA) for a split plot experiment, with the whole plot being   52 
challenge or no challenge with ETEC and the dietary treatments used as subplots 
and arranged in a completely randomised 2 ￿ 2 factorial design, with the factors 
being: (і) 2 dietary protein levels (251 g/kg vs. 192 g/kg CP) and (іі) addition or 
no addition of 2,500 ppm ZnO. Block was used as a random factor in the model 
for  all  measured  experimental  variables  and  gender  as  a  source  of  variation. 
Since no gender effect was detected (P>0.05), data were pooled and analysed for 
treatment effects. Least-squares analysis and a 2- or 3-factor linear model with all 
interactions  were  used  to  evaluate  responses.  All  other  measurements  were 
assessed using the individual pig as the experimental unit (Montagne et al., 2004) 
providing  12  replications  per  treatment,  except  intestinal  pH,  organ  weight, 
villous height and crypt depth which were measured with 8 replications in the 
non-challenged groups. Data for faecal consistency for each day after weaning, 
until 14 days, were recorded and then averaged over 3 time periods (days 1-7, 
days 8-14 and days 1-14). The incidence of PWD was then expressed as the 
mean percentage of days with diarrhoea relative to the 14 days after weaning 
(Mateos et al., 2006), and were averaged over 3 time periods (days 0-7, days 8-
14 and days 0-14). Initial BW was used as a covariate for analyses of growth 
performance  data.  Statistical  significance  was  accepted  at  P<0.05.  Pair-wise 
comparisons  between  means  were  made  when  appropriate  using  Fisher’s-
protected LSD analysis when a significant treatment effect was observed. 
 
3.3 Results 
3.3.1 Shedding of β-haemolytic E. coli 
Shedding  of  faecal  E.  coli  is  presented  in  Table  3.3.  Infection  significantly 
increased faecal E. coli shedding on day 5 (P<0.001) and day 7 (P<0.01). Pigs 
fed  a  higher  protein  diet  showed  increased  faecal  E.  coli  shedding  at  day  7 
compared  with  pigs  fed  a  lower  protein  diet  (P<0.05).  No  interactions  were 
detected between dietary protein level and ZnO supplementation.  
 
3.3.2 Faecal consistency and the incidence of PWD 
Effects of ETEC infection, dietary protein level and ZnO supplementation on 
faecal consistency and the incidence of PWD are presented in Table 3.4. The 
faecal consistency in the 14-day period after weaning was determined by both a   53 
significant infection ￿ protein level interaction (P<0.05) and a protein level ￿ 
ZnO interaction (P<0.05), with a tendency (P<0.1) for an infection I ￿ ZnO 
interaction. These data show, in regard to each interaction above, that (i) ETEC 
infection increased faecal consistency but only in pigs fed the high protein diet, 
(ii) pigs fed a high protein diet without ZnO showed more loose faeces (i.e., 
higher faecal consistency) compared to pigs fed either a high protein diet with 
ZnO supplementation or to pigs fed lower protein diets without and with ZnO 
supplementation, and (iii) infected pigs fed a diet without ZnO showed looser 
faeces (i.e., higher faecal consistency). 
The ETEC infection significantly increased the incidence of PWD (P<0.01), and 
pigs  fed  either  a  lower  protein  diet  (P<0.05)  or  a  ZnO-supplemented  diet 
(P<0.01) showed a reduced incidence of PWD for 2-week after weaning.  
 
3.3.3 Growth performance 
Performance data showed no interactions between the treatments. Dietary protein 
levels did not influence performance of weaned pigs for the entire period after 
weaning (Table 3.5). The ETEC infection decreased ADG (P<0.001) and feed 
conversion efficiency (P<0.01) without affecting ADFI of pigs. However, ZnO 
supplementation consistently improved (P<0.001) ADG, ADFI and FCR in the 3-
week  period  after  weaning  independent  of  either  protein  levels  or  ETEC 
infection.  
 
3.3.4 PUN and faecal NH3-N levels 
The  ETEC  infection  increased  faecal  NH3-N  content  at  day  7  after  weaning 
(P<0.05).  Dietary  supplementation  of  ZnO  had  no  effect  on  PUN  and  faecal 
NH3-N contents, however pigs fed a lower protein diet had lower (P<0.001) PUN 
and faecal NH3-N concentrations compared with pigs fed a higher protein diet at 
14-day  after  weaning.  Interactions  between  infection,  protein  levels  and  ZnO 
supplementation did not occur for PUN and faecal NH3-N (Table 3.6).  
 
3.3.5 Faecal VFA, BCFA and intestinal pH 
The  ETEC  infection  tended  to  decrease  molar  proportion  of  VFA  at  day  14 
(P<0.1,  Table  3.7).  No  other  main-  or  interactive-effects  were  significant  for 
faecal VFA and BCFA concentrations.    54 
Intestinal pH data from pigs in the non-infected groups are presented in Table 3.8. 
Pigs fed a lower protein diet had a lower pH in the jejunum (P<0.05) and ileum 
(P<0.01) compared with pigs fed a higher protein diet. Pigs fed a diet with ZnO 
supplementation had a higher pH in the stomach (P<0.05) and caecum (P<0.05). 
 
3.3.6 Digestive tract weights 
Feeding a lower protein diet did not alter empty BW but significantly decreased 
the proportional weight of the pancreas (P<0.001) and tended to decrease the 
proportional  weight  of  the  empty  large  intestine  (P<0.1).  Dietary 
supplementation with ZnO increased empty BW (P<0.05) and tended to increase 
the proportional weights of the pancreas and kidneys (P<0.1, Table 3.9). Either 
protein  levels  or  ZnO  supplementation  did  not  modify  small  intestinal 
morphology, and also no interaction was detected between protein level and ZnO 
supplementation (P<0.1; Table 3.10). 
 
Table 3.3 The effect of ETEC infection, protein level and ZnO supplementation 
on faecal E. coli shedding for 14-day after weaning 
Infection (I)  Non-infected  Infected 
Protein
1 (PL)  HP  LP  HP  LP 
P-value
3,5 
ZnO  -
  +
  -
  +
  -
  +
  -
  +
 
SEM
2 
I  PL  ZnO 
Faecal E. coli score
4 
day 0  0.4  0.1  0.2  0.2  0.1  0.2  0.2  0.1  0.04  NS  NS  NS 
day 3  0.7  0.5  0.4  0.8  0.8  0.5  0.8  0.8  0.09  NS  NS  NS 
day 5  0.6  0.3  0.3  0.6  1.2  1.6  0.8  1.0  0.09  ***  NS  NS 
day 7  0.6  0.5  0.1  0.7  1.5  1.5  0.9  0.7  0.11  **  *  NS 
day 10  0.4  0.4  0.3  0.3  0.2  0.2  0.5  0.3  0.07  NS  NS  NS 
day 12  0.2  0.1  0.1  0.2  0.2  0.1  0.1  0.1  0.03  NS  NS  NS 
day 14  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.03  NS  NS  NS 
days 0-14  0.4  0.3  0.2  0.4  0.6  0.6  0.5  0.4  0.04  *  NS  NS 
1HP: high protein diet, LP: low protein diet 
2Pooled standard error of mean 
3Significance level: NS: Not significant, * P<0.05, ** P<0.01, *** P<0.001 
4Agar plates were scored from 0-5 according to the number of streaked sections that had 
viable growth of haemolytic E. coli, where 0 = no growth, 1 = E. coli in first section, and 
so on (5 = heaviest growth of haemolytic E. coli) 
52- or 3-way interactions were not significant   55 
Table 3.4 Effects of ETEC infection, protein level and ZnO supplementation on faecal consistency and the incidence of PWD for 14-day after 
weaning 
Infection (I)  Non-infected  Infected 
Protein
1 
(PL)  HP  LP  HP  LP 
P-value
3 
ZnO  -
  +
  -
  +
  -
  +
  -
  +
 
SEM
2 
I  PL  ZnO  I￿PL  I￿ZnO  PL￿ZnO  I￿PL￿ZnO 
Faecal consistency
4 % 
days 1-7  25.7
a  22.6
a  22.2
a  22.9
a  35.7
c  30.4
b  27.6
a  25.5
a  0.59  ***  **  *  *  NS  NS  NS 
days 8-14  30.1
b  22.5
a  22.3
a  21.4
a  37.0
c  23.1
a  23.3
a  21.4
a  0.68  NS  ***  ***  NS  NS  **  NS 
days 1-14  27.9
b 
y
  22.6
a 
x
  22.2
a 
x
  22.2
a 
x
  36.4
c 
z
  26.8
b 
y
  25.4
b 
xy
  23.4
ab 
x
  0.54  ***  ***  ***  *  †  *  NS 
 
Incidence of PWD
5 % 
days 1-7  3.57  0.00  1.19  0.00  13.10  4.76  4.76  2.38  0.78  **  *  *  NS  NS  NS  NS 
days 8-14  3.57  2.38  2.38  0.00  9.52  3.57  3.57  2.38  0.63  *  *  *  NS  NS  NS  NS 
days 1-14  3.57  1.19  1.79  0.00  11.31  4.17  4.17  2.38  0.60  **  *  **  NS  NS  NS  NS 
abcMeans in the same row with different superscripts differ in I ￿ PL (P < 0.05)
 
xyzMeans in the same row with different subscripts differ in PL ￿ ZnO (P < 0.05) 
1HP: high protein diet, LP: low protein diet 
2Pooled standard error of mean 
3Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
4Faecal consistency was expressed as % cumulative score per day of pigs having more liquid faeces; higher values are associated with more liquid faeces 
5Incidence of PWD observed during 14 days after weaning is expressed as the mean percentage of days with diarrhoea relative to the total 14 days after 
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Table 3.5 Effects of ETEC infection, protein level and ZnO supplementation on performance of weaned pigs for 3 weeks after weaning 
Infection (I)  Non-infected  Infected 
Protein
1 (PL)  HP  LP  HP  LP 
P-value
3,4 
ZnO  -
  +
  -
  +
  -
  +
  -
  +
 
SEM
2 
I  PL  ZnO 
ADG, g/d 
days 0-7  58  113  54  119  -34  47  -24  77  6.7  ***  NS  *** 
days 8-14  268  371  246  361  183  261  153  265  7.1  ***  NS  *** 
days 15-21  492  595  485  570  445  581  448  562  12.1  NS  NS  *** 
days 0-21  283  358  282  347  212  295  192  301  7.0  ***  NS  *** 
 
ADFI, g/d 
days 0-7  156  187  152  202  170  193  170  199  4.6  NS  NS  ** 
days 8-14  377  394  369  412  368  396  357  436  7.3  NS  NS  ** 
days 15-21  550  623  541  628  575  632  583  656  8.5  NS  NS  *** 
days 0-21  371  414  354  422  375  406  370  430  5.6  NS  NS  *** 
 
FCR
5, g/g 
days 8-14  1.45  1.10  1.70  1.17  2.30  1.59  2.44  1.72  0.068  ***  NS  *** 
days 15-21  1.14  1.04  1.16  1.13  1.29  1.10  1.36  1.18  0.032  †  NS  * 
days 0-21  1.32  1.16  1.67  1.24  1.89  1.39  1.99  1.45  0.055  **  NS  *** 
1HP: high protein diet, LP: low protein diet 
2Pooled standard error of mean 
3Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
42- or 3-way interactions were not significant 
5Negative FCR values occurred for week 1 after weaning, and data were removed 
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Table 3.6 Effects of ETEC infection, protein level and ZnO supplementation on 
PUN and faecal NH3-N contents 
Infection (I)  Non-infected  Infected 
Protein1 
(PL)  HP  LP  HP  LP 
P-value3,4 
ZnO  -  +  -  +  -  +  -  + 
SEM2 
I  PL  ZnO 
PUN, mmol/L 
day 7  5.6  5.5  3.4  3.6  5.5  5.8  3.3  3.5  0.06  NS  ***  NS 
day 14  5.1  5.2  2.0  2.1  5.2  4.9  1.9  2.2  0.05  NS  ***  NS 
 
Faecal NH3-N, mg/L 
day 7  410  419  336  348  439  441  370  375  5.6  *  ***  NS 
day 14  475  476  380  401  492  503  415  414  7.4  NS  ***  NS 
1HP; high protein fed for 14 days, LP; low protein fed for 14 days 
2Pooled standard error of mean 
3Significance level: NS: Not significant, * P<0.05, *** P<0.001 
42- or 3-way interactions were not significant 
 
Table 3.7 Effects of ETEC infection, protein level and ZnO-supplementation on 
faecal concentrations of VFA and molar proportions of BCFA for 14-day after 
weaning 
Infection (I)  Non-infected  Infected 
Protein
1 
(PL)  HP  LP  HP  LP 
P-value
3,5 
ZnO  –
  +
  –
  +
  –
  +
  –
  +
 
SEM
2 
I  PL  ZnO 
Total VFA, mmol/kg wet faeces 
day 7  153  153  153  135  169  145  158  136  7.1  NS  NS  NS 
day 14  166  152  163  170  154  139  145  136  5.0  †  NS  NS 
 
BCFA
4, % total VFA 
day 7  11.0  10.2  10.4  9.6  9.2  10.2  10.2  9.4  0.23  NS  NS  NS 
day 14  11.2  10.6  10.2  9.3  10.9  10.0  11.2  9.8  0.38  NS  NS  NS 
1HP: high protein diet, LP: low protein diet 
2Pooled standard error of mean 
3Significance level: NS: Not significant, † P<0.1 
4Branched-chain fatty acids; molar proportion of isobutyic acid, isovaleric acids and 
valeric acid with respect to the total VFA. Valeric acid is considered to be associated 
with protein degradation from metabolism of AA (Macfarlane et al., 1992) 
52- or 3-way interactions were not significant   58 
Table 3.8 Effects of protein level and ZnO supplementation on pH of digesta 
collected along the GIT in non-challenged pigs
 
Protein
1 (PL)
  HP  LP  P-value
3,4 
ZnO  –
  +
  –
  +
  SEM
2 
PL  ZnO 
Stomach  2.7  3.2  2.8  3.3  0.12  NS  * 
Duodenum  5.9  5.9  6.0  5.7  0.08  NS  NS 
Jejunum  6.7  6.8  6.3  6.6  0.06  *  NS 
Ileum  7.0  7.1  6.6  6.7  0.07  **  NS 
Caecum  5.7  5.9  5.5  6.0  0.07  NS  * 
Proximal colon  6.0  6.0  5.8  6.2  0.06  NS  NS 
Distal colon  6.7  6.9  6.8  7.1  0.09  NS  NS 
Faeces  7.0  7.0  7.2  7.1  0.08  NS  NS 
1HP: high protein diet, LP: low protein diet 
2Pooled standard error of means 
3Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01 
42-way interactions were not significant 
 
Table 3.9 Effects of protein level and ZnO supplementation on weight of organs 
and GIT weights in non-challenged pigs 
Protein
1 (PL)
  HP  LP  P-value
3,5 
ZnO  –  +  –  + 
SEM
2 
PL  ZnO 
Final BW
4  9.5  10.3  9.6  10.0  0.14  NS  ** 
EBW  7.1  7.6  7.4  7.5  0.09  NS  * 
Proportion of EBW
4               
Stomach               
Full  5.3  5.4  4.9  4.2  0.17  *  NS 
Empty  1.2  1.2  1.1  1.1  0.02  NS  NS 
Small intestine               
Full  9.9  11.7  9.2  10.0  0.37  NS  NS 
Empty  6.9  7.0  6.1  6.4  0.22  NS  NS 
Caecum               
Full  1.5  1.6  2.0  1.7  0.22  NS  NS 
Empty  0.4  0.3  0.3  0.3  0.01  NS  NS 
Large intestine               
Full  4.9  5.2  4.5  5.0  0.17  NS  NS 
Empty  2.0  2.1  1.9  1.9  0.04  †  NS 
Liver  4.2  4.1  4.0  3.8  0.10  NS  NS 
Kidney  0.38  0.40  0.38  0.42  0.009  NS  † 
Pancreas  0.37  0.38  0.28  0.32  0.006  ***  † 
Length, cm               
Small intestine  875  934  881  905  19.4  NS  NS 
Large intestine  195  193  187  186  4.8  NS  NS 
1HP: high protein diet, LP: low protein diet 
2Pooled standard error of means 
3Significance level: NS: Not significant, *** P<0.001 
4Values are mean of 8 replicates per group in non-infected pigs 
52-way interactions were not significant 
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Table  3.10  Effects  of  protein  level  and  ZnO  supplementation  on  intestinal 
morphology in non-challenged pigs 
Protein
1(PL)  HP  LP  P-value
3 
ZnO  –  +  –  + 
SEM
2 
PL  ZnO  PL￿ZnO 
Duodenum 
Villous height (µm)  568  572  564  570  11.3  NS  NS  NS 
Crypt depth (µm)  263  267  269  263  12.8  NS  NS  NS 
V:C
4  2.16  2.15  2.10  2.17  0.023  NS  NS  NS 
Jejunum 
Villous height (µm)  476  489  491  481  16.8  NS  NS  † 
Crypt depth (µm)  241  272  241  245  40.0  NS  NS  NS 
V:C
4  1.98  1.89  2.05  1.96  0.041  NS  NS  NS 
Ileum 
Villous height (µm)  440  435  434  429  12.2  NS  NS  NS 
Crypt depth (µm)  206  215  213  208  11.9  NS  NS  † 
V:C
4  2.14  2.03  2.04  2.07  0.023  NS  NS  NS 
1HP: high protein diet, LP: low protein diet 
2Pooled standard error of means 
3Significance level: NS: Not significant, † P<0.1 
4Villous height: crypt depth 
 
3.4 Discussion 
The main purpose of the present experiment was to evaluate independent and 
interactive effects of a lower protein diet and supplementation with 2,500 ppm 
ZnO on the incidence of PWD and performance of pigs. The experiment was 
conducted without and with ETEC infection to evaluate the effectiveness of the 
lower protein diet and (or) a ZnO-supplemented diet on reducing the incidence of 
PWD  under  challenge  conditions,  to  resemble  more  closely  the  weaning 
environment in commercial pig production. The ETEC infection and induction of 
sub-clinical  PWD  was  successful  as  the  experimentally  infected  pigs  showed 
increased faecal shedding of β-haemolytic E. coli at day 5 and day 7, grew less 
efficiently,  had  looser  faeces  (i.e.,  higher  faecal  consistency)  and  a  higher 
incidence of PWD. It is known that maximal faecal E. coli shedding is detected 
within 1-3 days post-ETEC infection (Madec et al., 2000; Montagne et al., 2004; 
Wellock  et  al.,  2008a)  as  48-72  hours  is  generally  required  for  ETEC  to  be 
colonised in the GIT (Owusu-Asiedu et al., 2003a). The compromised production 
upon ETEC infection might be partly due to decreased nutrient digestibility and 
metabolic  cost  of  protein  and  energy  for  cellular  and  (or)  humoral  immune 
stimulation (Stahly, 1996; Van der Klis and Jansman, 2002). In the present study,   60 
the magnitude of the incidence of PWD upon the similar concentrations of ETEC 
challenge (10
8 vs. 10
10 and 10
10 cfu/mL) was lower compared with other findings 
(Owusu-Asiedu  et  al.,  2003a,  2003b).  This  is  possibly  because  pigs  in  this 
experiment were housed individually, which might have offered less potential for 
oral-faecal  transmission  of  ETEC  compared  with  pigs  housed  in  a  group  pen 
(Hedemann et al., 2006). Also, a heavier weaning weight (mean 7.2 kg vs. 3.5 kg 
and 3.8 kg, respectively) and difference in age of pigs (21 days vs. 10 days and 10 
days) used in this experiment compared to the studies of Owusu-Asiedu et al. 
(2003a, 2003b) might also have influenced the lower incidence of PWD (Pluske 
et al., 2003a).  
 
Supplementation in the diet with ZnO improved the ADG, ADFI and FCR by 
25%, 12% and 24%, respectively, in the 3-week period after weaning, while pigs 
fed a lower protein diet (supplemented with essential AA) did not show adversely 
affected production indices. This is in agreement with findings from most other 
studies showing that pharmacological levels of dietary znic (Zn) to pigs have 
growth-promoting effects in the 2 weeks after weaning (Poulsen, 1995; Carlson et 
al., 1999; Zhang and Guo, 2007). One study examined effects of ZnO levels on 
piglet performance and concluded that the most efficient range of dietary Zn for 
stimulating  post-weaning  growth  performance  is  2,000-3,000  ppm  (Case  and 
Carlson, 2002a). There is evidence that 2,000 ppm dietary Zn increased levels of 
plasma  ghrelin  and  serum  growth  hormone  (GH)  but  did  not  change  plasma 
cholecystokinin (Zhang and Guo, 2008). Ghrelin and cholecystokinin (CCK) are 
appetite-regulating  hormones  known  to  modulate  the  production  of  appetite-
related neuropeptides and induce appetite and satiety, respectively. Therefore, it is 
likely that a high level of dietary Zn increased production of ghrelin and GH, 
which increased ADG accompanied by elevated feed intake of pigs. On the other 
hand,  the  present  study  demonstrated  that  if  essential  AA  were  fortified  and 
balanced according to the ideal AA patterns proposed by Chung and Baker (1992), 
and where dietary protein level is lowered from 251 g/kg to 192 g/kg, production 
indices were not impaired. This is in agreement with previous reports (Zheng et 
al., 2001; Le Bellego and Noblet, 2002; Htoo et al., 2007; Lordelo et al., 2008). 
However, the literature showed that performance of pigs was adversely affected 
when feeding a lower protein diet to weaner pigs without balancing ileal patterns   61 
of AA including Ile and Val (Bikker et al., 2006; Nyachoti et al., 2006; Wellock et 
al., 2006). Therefore, to be a feasible strategy, use of a lower protein diet should 
be formulated based on ideal AA concept with supplementation of essential AA 
including Ile or Val or the combination of both in crystalline form (Lordelo et al., 
2008). 
 
As anticipated, either supplementation with ZnO or reducing the dietary protein 
level  significantly  improved  faecal  consistency  and  reduced  the  incidence  of 
PWD.  Interactions  occurred  for  faecal  consistency  suggesting  that  feeding  a 
lower  protein  diet  (infection  ￿  protein  level  interaction)  and  a  ZnO-
supplemented  diet  (infection  ￿  ZnO  interaction)  was  equally  effective  in 
improving faecal consistency, particularly under the ETEC challenge model. The 
interactions highlighted that ETEC infection deteriorated faecal consistency in 
pigs fed a higher protein diet and pigs fed a diet without ZnO supplementation. 
This finding might infer that either a lower protein diet or ZnO supplementation 
to  a  higher  protein  diet  can  be  effective  dietary  strategies  to  reduce  PWD  in 
commercial  production  systems,  where  pigs  are  exposed  to  frequent  bacterial 
challenges.  Also,  the  significant  interaction  between  protein  level  and  ZnO 
supplementation,  such  that  only  pigs  fed  a  higher  protein  diet  without  ZnO 
supplementation had poorer faecal consistency compared with other treatments, 
indicates that either a lower protein diet or ZnO supplementation could improve 
faecal consistency after weaning.  
 
Pharmacological levels of dietary  Zn has numerous important biological roles 
related to intestinal health of pigs which includes: (1) inhibiting cAMP-stimulated 
Cl
-  secretion    by  selectively  inhibiting  cAMP-activated  K
-  channels  on  the 
basolateral membrane of ileal epithelial cells (Hoque et al. 2005), (2) induction of 
metallothionein  (Carlson  et  al.  1999),  (3)  inhibiting  of  adhesion  and 
internalisation of ETEC and modulating of cytokine gene expression (Rodriguez 
et  al.  1996;  Huang  et  al.  1999;  Roselli  et  al.  2003),  (4)  reducing  intestinal 
paracellular  permeability  by  increasing  mRNA  expression  of  tight  junction 
proteins, Occludin and ZO-1, in the ileal mucosa (Huang, et al. 1999; Zhang and 
Guo, 2009), (5) improving intestinal structure and function by increasing serum 
insulin-like growth factor-I (IGF-I) level and intestinal expression of IGF-I and   62 
the IGF-I receptor (IGF-IR) genes (Carlson et al. 2004a; Li et al. 2006). Although 
the exact mechanism(s) is (are) yet to be elucidated, some of the aforementioned 
mechanisms may be involved in a cooperative and systematic manner to improve 
growth  of  pigs  and  protection  of  small  intestinal  epithelium  at  weaning. 
Especially, the evidence found in the present study that 2,500-ppm ZnO improved 
faecal  consistency  in  ETEC  infected  pigs  only,  is  in  line  with  these  reported 
mechanisms.  
 
It has been reported that feeding a lower protein diet reduces the incidence of 
PWD possibly via reducing protein fermentation in the GIT (Wellock et al., 2006, 
2008a).  The  present  study  demonstrated  that  lowering  dietary  protein  levels 
reduced  the  incidence  of  PWD  and  decreased  PUN  and  faecal  NH3-N 
concentrations. Protein fermentation in the GIT can produce toxic compounds to 
the colonic epithelium (Williams et al., 2001) and causes interference of mucosal 
development (Visek, 1984; Lin and Visek, 1991) and villous atrophy (Nousiainen, 
1991) in the small intestine which could provoke PWD (Bolduan et al., 1988; 
Aumaitre et al., 1995; Gaskins, 2001; Pluske et al., 2002; Kim et al., 2008). The 
present study demonstrated that feeding a higher protein diet deteriorated faecal 
consistency  under  ETEC  infection  challenge  while  non-challenged  pigs  fed  a 
higher  protein  diet  or  pigs  fed  a  lower  protein  diet  without  and  with  ETEC 
challenge  did  not  show  poorer  faecal  consistency.  This  interaction  may 
particularly indicate that feeding a higher protein diet under conditions of ETEC 
infection, which is known to utilise undigested dietary proteins in the GIT may 
cause a proliferation of saccharo-proteolytic flora (Nollet et al., 1999), can be 
critical during the immediate post-weaning period.   
 
ZnO or dietary protein levels did not affect production of VFA and BCFA in the 
faecal samples, which is in agreement with previous reports (Bikker et al., 2006; 
Htoo  et  al.,  2007).  It  is  known  that  fibre  content,  fermentable  carbohydrate 
content and retention time (Pluske et al., 2001) and microbial ecology of the GIT 
(Williams  et  al.,  2001)  can  influence  VFA  production.  The  diets  used  in  the 
present study were formulated to contain similar NDF and crude fibre contents 
between higher and lower protein diets (111 g/kg vs. 109 g/kg and 36 g/kg vs. 33 
g/kg, respectively) to avoid confounding results. Nyachoti et al. (2006) found a   63 
linear reduction in ileal VFA concentration when linearly reducing dietary crude 
protein  from  230  g/kg  to  170  g/kg.  However  the  diets  used  in  the  study 
formulated to increase NDF levels as the dietary crude protein reduced. Therefore, 
pigs fed a higher and a lower protein diets found non-significant VFA and BCFA 
concentrations in this study are likely due to similar levels of NDF and crude 
fibre in the diets. 
 
Intestinal pH was measured in non-infected pigs, and feeding a lower protein diet 
decreased pH in the jejunum and ileum, which is in agreement with Nyachoti et 
al. (2006) who reported that the pH of ileal digesta decreased quadratically when 
dietary crude protein content was linearly reduced from 230 g/kg to 170 g/kg. 
However, Htoo et al. (2007) did not detect a reduction in pH at ileum when crude 
protein  content  was  reduced  from  240  g/kg  to  200  g/kg.  On  the  other  hand, 
feeding the ZnO-supplemented diet increased stomach and caecal pH compared 
with feeding the diet without ZnO. As mentioned earlier, pharmacological levels 
of dietary Zn are known to increase feed intake possibly by stimulating ghrelin 
production in the GIT. Increased feed ingestion might dilute gastric hydrochloric 
acid (HCl) as piglets are known to produce limited amount of HCl in the stomach 
(Cranwell, 1995). Another possible contributing factor to why feeding a higher 
protein diet increased gastric pH (i.e., jejunum and ileum) could be due to higher 
buffering capacity of dietary protein (Partanen and Mroz, 1999). Increased pH in 
the  caecal  content  of  pigs  fed  a  ZnO-supplemented  diet  could  be  due  to  less 
available rapidly fermentable materials in these pigs. As ZnO supplementation 
improved FCR significantly, ileal digestibility of protein and AA might be higher 
in  pigs  fed  a  ZnO-supplemented  diet.  Therefore,  a  limited  amount  of  rapidly 
fermentable  carbohydrates  and  proteins  might  remain  after  the  enzymatic 
digestion  in  the  small  intestine  compared  with  pigs  fed  a  diet  without  ZnO 
supplementation, and this could have influenced VFA production in the caecum. 
 
The  most  affected  organ  upon  feeding  a  lower  protein  diet  and  a  diet 
supplemented with ZnO was the pancreas, which decreased in its proportional 
weight  in  pigs  fed  a  lower  protein  diet  and  increased  in  pigs  fed  a  ZnO-
supplemented diet. Feeding a higher protein diet stimulates pancreatic protease 
production (Brannon, 1990) and increased weight of the pancreas in rats (Hara et   64 
al.,  2000).  Also,  increased  feed  intake  increased  volume  of  pancreatic  juice 
produced (Huguet et al., 2006) and supplementation of 2,500 ppm Zn increased 
activity  of  enzymes  in  pancreatic  tissue  homogenate  such  as  trypsin, 
chymotrypsin and lipase compared with pigs fed a diet supplemented with 1,000 
ppm  Zn  (Hedemann  et  al.,  2006).  My  findings  concur  with  the  previous 
observations in the present study and suggest that the pancreas could sensitively 
adapt  to  dietary  changes  such  as  dietary  protein  levels  and  (or)  feed  intake 
induced by ZnO. 
 
Nunez et al. (1996) commented that lowering dietary crude protein level could 
cause poorer development of the GIT, and Le Bellego et al. (2002) observed that 
feeding  a  lower  protein  diet  (175  g/kg  for  grower,  133  g/kg  CP  for  finisher) 
decreased proportionally the weight of the empty GIT compared with pigs fed a 
higher protein diet (201 g/kg for grower, 156 g/kg CP for finisher). However, 
Opapeju  et  al.  (2008)  reported  no  differences  in  proportional  visceral  organ 
weight between pigs fed a higher or a lower protein diet (210 g/kg to 170 g/kg CP, 
respectively). It seems the balance of dietary AA has no impact on the visceral 
organ weight as Opapeju et al. (2008) fed balanced and imbalanced lower protein 
diets (190 g/kg CP) and found no differences in proportional empty GIT weights 
compared with pigs fed a higher protein diet (210 g/kg CP). Rather, the duration 
of feeding has impacts on the empty GIT weight as the long-term feeding of 
lower protein diets in the study of Le Bellego et al. (2002) had a negative impact 
on GIT weight while most of short-term weaner pig experiments did not find such 
alterations. 
 
No improvements in the small intestinal morphology were seen in the present 
study due to either dietary protein level, ZnO supplementation or the combination 
of both (P<0.1). The villi and crypts are the major site of digestion and absorption 
of  ingested  substrates  (i.e.  carbohydrate  and  protein)  and  their  structure  after 
weaning is known to be affected by many factors (Pluske et al., 1997). Among 
those factors, the level of feed intake is a principle cause of villous atrophy at 
weaning  (Pluske  et  al.,  1996;  Van  Beers-Schreurs  et  al.,  1998).  Pluske  et  al. 
(1996) fed pigs either cows’ whole milk or a dry starter diet after weaning and 
found a significant positive linear relationship between villous height and DM   65 
intake with both diets. The study of Van Beers-Schreurs et al. (1998) fed weaned 
pigs either a dry diet or sow’s milk at low or high levels and concluded that 
villous  height  was  primarily  influenced  by  feed  intake.  In  addition,  work  by 
Nyachoti  et  al.  (2006)  and  Yue  and  Qiao  (2008)  showed  consistently  that 
decreasing  dietary  protein  from  230  g/kg  to  170  g/kg  reduced  ADFI 
commensurate with reduced villous height in the GIT. It is likely that luminal 
substrates  might  be  a  factor  to  maintain  the  integrity  of  the  small  intestinal 
structure immediately after weaning. However in the present study, whilst protein 
levels did not influence ADFI (P>0.05), ZnO supplementation increased ADFI 
(P<0.001) in the 2-week period after weaning but did not affect villous height in 
the  small  intestine.  This  result  is  difficult  to  explain  given  the  complexity  of 
contributing factors in the maintenance of gut integrity after weaning (Pluske et 
al., 1997). Nevertheless, inconsistent effects of ZnO supplementation on intestinal 
integrity of pigs have been reported previously. For example, Li et al. (2006) 
reported  that  ZnO  supplementation  improved  intestinal  structure  but 
Mavromichalis  et  al.  (2000)  found  no  consistent  positive  effects  of  ZnO 
supplementation  on  villous  heights  or  on  crypt  depth  or  width.  Furthermore, 
Hedemann et al. (2006) reported that pigs fed a diet with 100 ppm Zn had longer 
villi than pigs fed a diet with 2,500 ppm of Zn. 
 
3.5 Conclusions 
Data from the present study demonstrated that feeding a lower protein diet or 
adding 2,500 ppm ZnO to a higher protein diet reduces the incidence of PWD, in 
particular under ETEC infection pressure. Therefore, either feeding a high protein 
diet with ZnO supplementation or feeding a lower protein diet to pigs without 
ZnO supplementation could be used as a dietary strategy to minimise PWD in 
countries where non-antibiotic diets are legislative. However, low protein diets 
are often more expensive because of the need to use greater quantities of higher 
quality and more expensive ingredients (e.g., crystalline AA), however the extra 
cost has to be weighed up against the positive impacts on piglet health.   66 
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Abstract This study evaluated the effects of feeding pigs low protein (LP) diets 
for different lengths of time after weaning on indices of protein fermentation, the 
incidence  of  PWD,  growth  performance,  and  total-tract  apparent  digestibility. 
Sixty  weaner  pigs  weighing  6.1  ±  0.13  kg  (mean  ±  SEM)  were  used  in  a 
completely  randomised  design  having  five  treatments:  (1)  a  high  protein  diet 
(243 g/kg CP) fed for 14-day after weaning (HP14); (2) a low protein diet (173 g 
/kg  CP)  fed  for  5-day  after  weaning  (LP5);  (3)  LP  diet  fed  for  7-day  after 
weaning (LP7); (4) LP diet fed for 10-day after weaning (LP10), and (5) LP diet 
fed for 14-day after weaning (LP14). All diets, except the high protein diet, were 
supplemented with Lys, Met, Trp and Thr, with all LP diets additionally fortified 
with crystalline Ile and Val to conform to a proposed ideal AA pattern. A second-
stage diet (215 g/kg CP) was fed to pigs at the conclusion of each treatment. 
None  of  the  diets  contained  antimicrobial  compounds.  Feeding  a  LP  diet, 
regardless of duration of feeding, decreased PUN (P<0.001) and faecal NH3-N 
(P<0.001)  contents.  Feeding  a  LP  diet,  irrespective  of  feeding  duration, 
decreased the incidence of PWD at day 8 after weaning (P<0.05), and pigs fed   67 
diets  LP7,  LP10  and  LP14  had  firmer  faeces  (P<0.05,  P<0.05  and  P<0.01, 
respectively) between day 10 and day 12 after weaning. Treatments LP5, LP7, 
LP10 and LP14 did not reduce (P>0.05) growth performance up to 106-day after 
weaning compared to pigs fed the HP diet. Total-tract apparent digestibility of 
DM, energy and crude protein were similar (P>0.05) between treatments. The 
results suggest that feeding a LP diet, supplemented with AA to conform to an 
ideal AA pattern, for 7 to 10-day after weaning can reduce PWD in pigs fed 
antibiotic-free diets without compromising production. 
 
Key Words: Ammonia, growth, pigs, post-weaning diarrhoea, protein, urea 
 
4.1 Introduction 
Post-weaning diarrhoea (PWD) is a condition of pigs characterised by frequent 
discharge of watery faeces, and is generally associated with proliferation of β-
haemolytic strains of E. coli in the small and the large intestine (Hampson, 1994). 
Increasing antibiotic resistance coupled with bans on the use of antibiotic growth 
promotants (AGP) in an increasing number of countries worldwide has caused 
enormous interest in the use of ‘nutrition’ to ameliorate enteric disorders after 
weaning; some of these strategies form the basis of many recent reviews and 
papers (e.g., Pluske et al. 2002; Halas et al. 2007; Moran 2007).  
 
One  strategy  proposed  to  ameliorate  PWD  is  alteration  of  the  dietary 
carbohydrate  and  (or)  protein  quantity  and  (or)  quality  to  manipulate 
gastrointestinal  structure  and  function,  particularly  that  of  the  microbiota.  An 
imbalance between fermentable carbohydrates and undigested nitrogen entering 
the large intestine of newly weaned pigs has been proposed as a mitigating factor 
in the aetiology of PWD (e.g., Bikker et al. 2006; Piva et al. 2006; Kim et al. 
2008).  Metabolism  of  proteinaceous  materials  by  the  microbiota  in  the  large 
intestine may increase levels of potentially toxic substances such as ammonia, 
amines,  indoles,  phenols  and  BCFA,  which  have  been  implicated  in  the 
pathogenesis of PWD (e.g., Bolduan et al. 1988; Aumaitre et al. 1995; Anderson 
et  al.  2000;  Gaskins,  2001;  Pluske  et  al.  2002; Houdijk  et  al.  2007).  Indeed, 
feeding  weaned  pigs  a  lower  level  of  protein  caused  lower  ammonia   68 
concentrations in the small intestine (Bikker et al., 2006) and decreased PUN, 
NH3-N  and  VFA  in  the  ileal  digesta  (Nyachoti  et  al.,  2006).  These  data  are 
indicative of reduced protein fermentation by the microbiota, and indicate that LP 
diets could be used to reduce PWD in piglets fed antibiotic-free diets (Piva et al., 
2006). A potential disadvantage of feeding a LP diet is reduced growth following 
weaning  caused by a dietary imbalance of  essential AA, such as  Ile  and Val 
(Nyachoti et al., 2006; Lordelo et al., 2008). Supplementation with these AA, 
however, will increase diet cost particularly if fed for a considerable length of 
time after weaning. 
 
Given that the relationships between dietary protein level, feeding duration and 
the incidence of PWD have not fully been explored, the hypotheses tested in the 
current experiment were that feeding a diet low in protein but supplemented with 
essential AA to maintain an ideal AA pattern would: 
(i) Reduce indices of protein fermentation in the GIT  and reduce the 
incidence of PWD, and 
(ii)  Not  compromise  growth  in  the  post-weaning  period  up  to 
approximately 15 weeks of age. 
 
4.2 Materials and Methods 
4.2.1 Experimental design 
Sixty weaned pigs were allocated to a completely randomised design with five 
combinations of diet and feeding-duration treatments (n = 12 pigs per treatment). 
The five treatments were: (1) a high protein diet (243 g/kg CP) fed for 14-day 
after weaning (HP14), (2) a low protein diet (173 g/kg CP) fed for 5-day after 
weaning (LP5), (3) LP diet fed for 7-day after weaning (LP7), (4) LP diet fed for 
10-day  after  weaning  (LP10),  and  (5)  LP  diet  fed  for  14-day  after  weaning 
(LP14).  At  the  conclusion  of  the  various  feeding  treatments,  all  piglets  then 
received  a  second-stage  diet  (215  g/kg  CP).  None  of  the  diets  contained 
antimicrobial compounds.  
Diets were formulated at the two contrasting crude protein levels to establish a 
significant range in protein intake and therefore protein fermentation in the GIT,   69 
to suitably assess effects on PWD. They also correspond to the variation in crude 
proten  in  diets  seen  commercially.  The  LP  diets  were  formulated  to  contain 
crystalline Ile and Val to avoid the potentially confounding effects of a dietary 
imbalance of essential AA on production (e.g., Nyachoti et al., 2006, Lordelo et 
al., 2008). The LP diets were then fed for different periods of time after weaning, 
to allow an examination of the optimum feeding duration that had a positive 
impact on reducing PWD without compromising production. 
 
Table 4.1 Composition of the experimental diets (g/kg, as-fed basis) 
Item  Diets
1 
Ingredients  HP  LP  Stage-II
 
Barley   167.8  200.0  200.0 
Wheat   354.7  422.9  405.3 
Groats  50.0  86.8  50.0 
Canola meal  100.0  100.0  100.0 
Soybean meal  200.0  38.6  153.9 
Fishmeal   52.7  21.7  20.0 
Whey  50.0  81.1  30.0 
Canola oil  5.0  5.0  5.0 
Dicalcium Phosphate  10.6  19.2  17.4 
Limestone  6.2  11.9  11.2 
Salt  1.0  1.0  1.0 
Vitamin/Mineral premix
2  1.0  1.0  1.0 
L-Lys    6.0  3.0 
DL-Met    1.0  0.5 
L-Thr    1.8  0.7 
L-Trp    0.3   
L-Ile    0.4   
L-Val    0.3   
Titanium dioxide (TiO2, maker)
3  1.0  1.0  1.0 
       
Calculated composition 
crude proten, g/kg  240.0  180.0  205.0 
DE, MJ/kg  14.00  13.80  13.80 
SID Lys, g/MJ DE
4  0.81  0.80  0.78 
Starch  323.7  372.1  368.9 
 
Calculated SID AA content, g/kg 
Essential AA       
Arg  13.4  8.1  11.0 
His  5.2  3.5  4.3 
Ile  9.2  6.6  7.4 
Leu  15.6  11.5  12.8 
Lys  11.3  11.0  10.8 
Met  3.6  3.5  3.2 
Phe  9.6  6.6  8.1 
Thr  7.9  7.2  7.0 
Trp  2.5  2.0  2.1   70 
Val  10.2  7.5  8.4 
       
Non-essential AA       
Ala  9.0  6.0  7.1 
Asp  18.0  10.3  14.2 
Glu  45.6  35.5  40.7 
Gly  9.4  6.4  7.6 
Pro  13.3  11.5  12.1 
Ser  9.6  6.5  8.0 
Tyr  3.8  3.1  3.4 
1HP: high protein diet, LP: low protein diet, Stage-II: second-phase diet 
2Provided the following nutrients (per kg of air-dry diet): 
Vitamins: A 7000 IU, D3 1400 IU, E 20 mg, K 1 mg, B1 1 mg, B2 3 mg, B6 1.5 mg, B12 
15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 mg, niacin 12 mg, biotin 30 µg. 
Minerals: Co 0.2mg (as cobalt sulphate), Cu 10 mg(as copper sulphate), iodine 0.5 mg 
(as potassium iodine), iron 60 mg (as ferrous sulphate), Mn 40 mg (as manganous oxide), 
Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc oxide). (BJ Grower 1, BioJohn Pty 
Ltd., WA, Australia) 
3Titantium dioxide (TiO2; Sigma Chemical Company, St. Louis, MO, USA). 
4SID: standardised ileal digestible 
 
4.2.2 Animals, housing, diets and management 
Sixty (1:1, mael: female gender ratio) individually housed pigs (Large White ￿ 
Landrace) weighing 6.1 ± 0.13 kg (mean ± SEM.) and weaned at approximately 
21 days were used. Pigs were obtained from a commercial supplier (Wandalup 
Farms  Ltd.,  Mandurah,  WA)  on  the  day  of  weaning  and  transported  to  the 
Medina  Research  Station  (MRS),  where  they  were  ear-tagged,  weighed,  and 
stratified to treatments based on their live weight and gender. The pens were 
wire-mesh floored crates having a space allowance 0.4 m
2 per pig. Each pen was 
equipped with a nipple bowl drinker and a metal trough. The ambient temperatur
e was maintained at 29 ± 1°C for the initial week, and then gradually decreased b
y 2°C every week. Pigs were offered the experimental diets on an ad libitum 
basis for 4 weeks, and water was available at all times. Feed intake was recoded 
on a daliy basis as feed disappearance from the feeder. 
 
All diets were formulated to contain similar DE contents but different protein 
concentrations  and  were  formulated  using  standardised  ileal  digestible  AA 
contents, as reported in Sauvant et al. (2004). All diets were formulated to at least   71 
contain the ideal pattern of ileal digestible AA according to Chung and Baker 
(1992). Crystalline AA (Lys, Met, Trp and Thr) were added to LP and stage-II 
diets, with crystalline Ile and Val added to the LP diet to achieve an ideal pattern 
of essential AA. Titanium dioxide (TiO2) was added as an internal marker for 
estimation of total-tract apparent digestibility. All diets were fed in mash form.  
Diet composition and nutrient contents of the experimental diets are presented in 
Tables 4.1 and 4.2. Pigs were weighed weekly for 4 weeks. At the conclusion of 
the  experiment,  pigs  were  removed  from  the  individual  crates  and  housed 
collectively in a deep-litter shelter with wheat-straw bedding, and live weight 
was monitored monthly until day 106 after weaning. All pigs were fed the same 
diets according to standard commercial practice (second-stage weaner diet: 14.5 
MJ DE/kg, 215 g/kg CP, 10.2 g SID Lys/kg; grower diet: 13.8 MJ DE/kg, 190 
g/kg CP, 9.6 g SID Lys/kg; finisher diet: 12.4 MJ DE/kg, 158 g/kg CP, 6.2 g SID 
Lys/kg). 
 
4.2.3 Blood and faecal sampling 
Eight pigs per treatment were selected for blood sampling based on the median 
BW in the group at the start of the study, with the 2 heaviest and 2 lightest pigs in 
each treatment excluded. Blood samples (5 mL) were collected on days 5, 7, 10 
and 14 from all pigs except pigs fed LP5 on days 5 and 7, and pigs fed LP7 on 
day 7 (since these treatments had finished by the next day). Detailed bleeding 
procedures are described in Chapter 2.7. The blood samples were immediately 
placed on ice and then centrifuged at 2,000 ￿ g for 10 minutes at 5°C. Plasma 
was stored at -20°C until analysed for PUN and glucose. Fresh faecal samples 
were  collected  every  30  min  between  0900  and  1200  O’clock  and  were 
immediately stored at -20°C from all pigs on days 5, 7, 10 and 14 to analyse 
BCFA, pH, faecal NH3-N and faecal digestibility of nutrients, DM, energy and N.  
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Table  4.2  Analysed  chemical  composition  (g/kg,  as-fed  basis)  of  the 
experimental diets 
Diet
1,2 
Item  HP  LP  Stage-II
 
Analysed chemical composition, g/kg 
Crude protein   242.6  173.1  214.8 
Crude fat   45.9  42.7  45.4 
Crude fibre  31.0  29.7  38.3 
NDF  108.3  96.8  123.3 
ADF  44.9  46.5  59.2 
 
Essential AA, g/kg 
Arg  15.3  9.0  12.7 
His  6.3  4.0  5.2 
Ile  10.8  7.1  8.7 
Leu  18.5  12.1  15.3 
Lys  13.8  12.0  12.5 
Met  2.6  2.7  2.5 
Phe  11.5  7.5  9.8 
Thr  9.8  8.0  8.5 
Trp  3.3  2.4  2.6 
Val  12.3  8.3  10.1 
 
Non-essential AA, g/kg 
Ala  11.4  7.2  9.2 
Asp  20.9  11.3  17.3 
Glu  47.1  35.1  43.8 
Gly  11.8  7.8  9.7 
Pro  15.4  12.4  14.3 
Ser  11.5  7.6  9.9 
Tyr  2.6  3.5  4.8 
1Diet DM contents were: HP (924 g/kg), LP (923 g/kg) and Stage-II (929 g/kg) 
2HP: high protein diet, LP: low protein diet, Stage-II: second-phase diet 
 
4.2.4  Assessment  of  faecal  consistency,  the  incidence  of  diarrhoea  and 
antibiotic treatments  
Faeces were visually examined daily for 2 weeks after weaning to determine 
faecal consistency scores and the incidence of diarrhoea. Faecal consistency was 
determined  using  procedures  described  in  Chapter  2.5.  A  faecal  consistency 
score  of  either  4  or  5  was  considered  as  clinical  diarrhoea.  Methods  for 
expression of faecal consistency and the incidence of PWD were described in 
Chapter 2.5. 
Pigs with a swab score in either the 4
th or 5
th section were given an intramuscular 
injection of Trisoprim-480 [(trimethropin 80 mg/mL, sulfadiazine, 400 mg/mL),   73 
1.5 mL/30 kg BW; Troy Laboratories, Smithfield, NSW, Australia]. The number 
of days pigs had antibiotic treatments in the 14 days after weaning was recorded.  
 
4.2.5 Shedding of β-haemolytic E. coli 
Shedding of β-haemolytic E. coli was measured upon arrival and then on days 3, 
5, 7, 10, 12 and 14 after weaning for all pigs. Details of procedures used to 
measure faecal shedding of β-haemolytic E. coli are described in Chapter 2.5. 
 
4.2.6 Chemical analyses 
The VFA, AA, PUN, faecal NH3-N, DM, N, NDF, ADF and GE were determined 
as described previously (Chapter 2.10.1 – 2.10.8). 
 
4.2.7 Statistical analyses 
Treatment effects were evaluated univariately in a normal mixed-linear model 
using the GLM procedure of SPSS (version 14.0, SPSS Inc., Chicago, Illinois, 
USA).  The  pig  was  the  experimental  unit  for  all  measures,  and  the  model 
included treatments and gender as sources of variation. Since no gender effect 
was  detected  (P>0.05),  data  were  pooled  and  analysed  for  treatments  effects. 
Initial  BW  was  included  in  the  model  as  a  covariate  for  analyses  of  growth 
performance data. Data for the incidence of PWD were expressed as the mean 
percentage  of  days  with  diarrhoea  relative  to  the  first  14  days  after  weaning 
(Mateos et al., 2006). Statistical significance was accepted at P<0.05. Pair-wise 
comparisons  between  means  were  made  when  appropriate  using  Fisher’s-
protected LSD analysis when a significant treatment effect was observed. 
 
4.3 Results 
Pigs remained healthy and grew well throughout the experiment, although one 
female pig in LP14 died on day 6. Post-mortem examination revealed that the 
death was caused by enteric colibacillosis and intestinal intussusception. 
Analysed  AA  levels  in  the  HP,  LP  and  second-stage  diets  were  all  within 
acceptable limits compared with calculated values (Table 4.2), however the Met 
content was lower than in the original formulation. The calculated Met to Lys   74 
ratio was 0.30, which is within the proposed ideal pattern, but the analysed Met 
to Lys ratio was 0.23, indicating a lower Met content. Nevertheless, the lower 
Met: Lys ratio was identical in both HP and LP diets. 
 
4.3.1 PUN, plasma glucose and faecal NH3-N 
Irrespective of the feeding duration of the LP diet, PUN and faecal NH3-N levels 
were lower (P<0.001 and P<0.001, respectively) in pigs fed a LP diet (Tables 4.3 
and 4.4). Plasma glucose levels were significantly higher in pigs fed treatments 
LP10 (P<0.01) and LP14 (P<0.01) compared with pigs fed a high protein diet in 
the two-week period after weaning (Table 4.3). 
 
4.3.2 Incidence of diarrhoea, number of antibiotic treatments, shedding of β-
haemolytic E. coli, faecal consistency and faecal DM content  
Overall, pigs in treatments LP5, LP7, LP10 and LP14 showed less diarrhoea than 
pigs in treatment HP14 (P<0.05) (Table 4.5). Pigs fed a LP diet, regardless of the 
feeding duration, had a lower incidence of PWD (P<0.05) on day 8 compared 
with  pigs  fed  a  HP  diet  throughout  (Figure  1).  Irrespective  of  the  feeding 
duration  of  the  LP  diet,  pigs  in  all  LP  treatments  received  significantly  less 
antibiotic treatments during the 14 days after weaning compared with pigs in 
HP14 (P< 0.01) (Table 4.5). 
Pigs in HP14 had significantly higher faecal E. coli levels on day 7 compared 
with pigs in LP5 and LP14 (1.13 vs. 0.25 and 1.13 vs. 0.50; P<0.05 and P<0.01, 
respectively).  However,  other  than  on  day  7,  dietary  protein  level  did  not 
influence faecal β-haemolytic E. coli shedding (P>0.05).   75 
Table 4.3 Effect of feeding a LP diet on PUN and plasma glucose contents in weaner pigs
1 
Treatments
2  Contrasts (P=)
4,5 
Item 
 
HP14 
 
LP5 
 
LP7 
 
LP10 
 
LP14 
 
SEM
3 
 
P-value 
 
HP14 
vs. 
LP5 
HP14 
vs. 
LP7 
HP14 
vs. 
LP10 
HP14 
vs. 
LP14 
HP14 
vs. 
LP 
PUN, mmol/L 
day 5  5.6  3.0  2.6  2.8  2.9  0.16  ***  ***  ***  ***  ***  *** 
day 7  5.4    3.1  2.7  2.2  0.17  ***    ***  ***  ***  *** 
day 10  6.2      2.5  2.6  0.25  ***      ***  ***  *** 
day 14  6.2  4.0  4.1  3.8  1.7  0.16  ***  ***  ***  ***  ***  *** 
days 1-14  5.8  3.5  3.2  2.9  2.3  0.11  ***  ***  ***  ***  ***  *** 
 
Plasma glucose, mmol/L 
day 5  5.4  5.8  5.5  6.4  6.1  0.14  NS  NS  NS  NS  NS  NS 
day 7  6.5    6.9  7.3  7.1  0.10  †    NS  NS  NS  NS 
day 10  6.8      7.2  7.4  0.09  †      NS  NS  NS 
day 14  5.8  6.3  6.3  6.1  6.4  0.07  †  NS  NS  †  NS  NS 
days 1-14  6.1  6.1  6.2  6.8  6.7  0.07  **  NS
  NS  **  **  NS 
1 LP5 blood samples were not collected on day 7 and day 10. LP7 blood samples were not collected on day 10 
2HP14: high protein diet for 14 days; LP5: low protein diet for 5 days: LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
3Pooled standard error of mean 
4Fisher’s-protected LSD 
5Significance level: NS: Not significant, † P<0.1** P<0.01, *** P<0.001   76 
Table 4.4 Effect of feeding a LP diet on faecal NH3-N concentration in weaner pigs 
Treatments
1  Contrasts (P=)
3,4 
Item 
 
HP14 
 
LP5 
 
LP7 
 
LP10 
 
LP14 
 
SEM
2 
 
P-value 
 
HP14 
vs. 
LP5 
HP14 
vs. 
LP7 
HP14 
vs. 
LP10 
HP14 
vs. 
LP14 
HP14 
vs. 
LP 
Faecal NH3-N, mg/kg 
day 5  478  374  373  375  374  8.9  **  ***  **  ***  **  *** 
day 7  484  436  384  382  378  7.5  ***  *  ***  ***  ***  *** 
day 10  493  437  436  429  399  7.3  **  *  *  *  ***  *** 
day 14  498  442  447  442  406  7.1  *  *  *  *  ***  ** 
days 1-14  488  422  410  407  389  3.5  ***  ***  ***  ***  ***  *** 
1HP14: high protein diet for 14 days; LP5: low protein diet for 5 days: LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
2Pooled standard error of mean 
3 Fisher’s-protected LSD 
4Significance level: * P<0.05, ** P<0.01, *** P<0.001   77 
Figure 4.1 Effect of feeding a LP diet on PWD for 2 weeks after weaning: 
The incidence of PWD is expressed as a proportion of days with diarrhoea with 
respect to total number of days (14days). * P<0.05, ** P<0.01 
 
 
Pigs  in  treatment  LP14  had  firmer  faeces  (P<0.01)  on  day  8  and  pigs  in 
treatments  LP7,  LP10  and  LP14  had  more  solid  faeces  (P<0.05,  P<0.05  and 
P<0.01, respectively) than pigs in treatments HP14 on day 10. Overall, pigs in 
treatments LP10 and LP14 had a lower faecal consistency (P<0.05 and P<0.05, 
respectively) compared with a HP diet for two weeks after weaning (Table 4.6). 
Also, pigs in treatments LP10 and LP14 had higher faecal DM contents (P<0.05 
and P<0.05, respectively) compared with pigs fed a HP diet on day 7, and pigs in 
treatments LP10 had greater DM contents (P<0.05) than pigs fed a HP diet in the 
two-week period after weaning (Table 4.7).  
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Table 4.5 Effect of feeding a low protein diet on the incidence of PWD and number of antibiotic treatments at various time points after weaning 
Treatments
1  Contrasts (P=)
3,4 
 Item 
HP14  LP5  LP7  LP10  LP14 
 SEM
2  P-value
  HP14 
Vs. 
LP5 
HP14 
Vs. 
LP7 
HP14 
Vs. 
LP10 
HP14 
Vs. 
LP14 
HP14 
Vs. 
LP 
Incidence of PWD
5, % 
days1-14  6.0  0.0  1.2  1.2  1.3  0.55  *  ***  **  **  **  *** 
 
No. of antibiotic treatments
 
days 1-3  0.00  0.00  0.00  0.00  0.00  0.00             
days 4-7  0.33  0.00  0.00  0.08  0.17  0.04  NS  *  *  NS  NS  NS 
days 8-9  0.42  0.00  0.17  0.17  0.00  0.05  NS  *  NS  NS  *  ** 
days 10-12  0.42  0.08  0.00  0.17  0.00  0.07  NS  NS  NS  NS  NS  * 
days 13-14  0.00  0.00  0.00  0.00  0.00  0.00             
days 1-14  1.17  0.08  0.17  0.42  0.17  0.11  **  **  **  *  **  *** 
1HP14: high protein diet for 14 days; LP5: low protein diet for 5 days: LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
2Pooled standard error of mean 
3Fisher’s-protected LSD 
4Significance level: NS: Not significant, * P<0.05, ** P<0.01, *** P<0.001 
5The incidence of PWD was expressed as a proportion of days with diarrhoea with respect to total number of days (14 days) (after Mateos et al., 2006)  79 
Table 4.6 Effect of feeding a LP diet on faecal consistency in weaner pigs 
Treatments
1  Contrasts (P=)
3,4 
Item 
 
HP14 
 
LP5 
 
LP7 
 
LP10 
 
LP14 
 
SEM
2 
 
P-value 
 
HP14 
vs. 
LP5 
HP14 
vs. 
LP7 
HP14 
vs. 
LP10 
HP14 
vs. 
LP14 
HP14 
vs. 
LP 
Faecal consistency
5, % 
days 1-3  23  27  23  23  24  1.0  NS  NS  NS  NS  NS  NS 
days 4-7  30  25  25  23  30  1.3  NS  NS  NS  †  NS  NS 
days 8-9  44  38  36  35  29  1.6  NS  NS  NS  NS  **  * 
days 10-12  40  38  31  32  28  1.3  *  NS  *  *  **  * 
days 13-14  28  25  28  31  24  1.2  NS  NS  NS  NS  NS  NS 
days 1-14  32  30  28  28  27  0.7  NS  NS  NS  *  *  * 
1HP14: high protein diet for 14 days; LP5: low protein diet for 5 days: LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
2Pooled standard error of mean 
3Fisher’s-protected LSD 
4Significance level: NS: Not significant, † P<0.1* P<0.05, ** P<0.01 
5Faecal consistency was expressed as % cumulative score per day of pigs having more liquid faeces; higher values are associated with more liquid faeces 
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4.3.3 Growth performance 
Feeding any of the LP diets after weaning did not reduce growth (P>0.05) in the 
28-day  after  weaning  compared  with  the  pigs  fed  diet  HP14  (Table  4.8). 
Furthermore, there were no longer-term negative consequences of feeding the LP 
diets up to 106-day after weaning.  
 
4.3.4 Total-tract apparent digestibility 
Compared with pigs in the HP14 treatment, feeding an LP diet for 5-, 7-, 10- or 
14-day after weaning did not influence total-tract apparent digestibility of DM, 
energy and crude protein (P>0.05) when measured at day 7 and day 14  after 
weaning (Table 4.9). 
 
4.3.5 VFA, BCFA and faecal pH  
Feeding LP treatments had no effects on the total BCFA (P>0.05) and total VFA 
(P>0.05) levels for 14-day after weaning. Pigs in the HP14 treatment showed a 
higher pH value on day 10 compared with pigs in the LP5 and LP10 treatments 
(P<0.05 and P<0.01, respectively).  
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Table 4.7 Effect of feeding a LP diet on faecal DM content in weaner pigs 
Treatments
1  Contrasts (P=)
3,4 
Item 
 
HP14 
 
LP5 
 
LP7 
 
LP10 
 
LP14 
 
SEM
2 
 
P-value  HP14 
vs. 
LP5 
HP14 
vs. 
LP7 
HP14 
vs. 
LP10 
HP14 
vs. 
LP14 
HP14 
vs. 
LP 
Faecal dry matter
5, % 
day 5  28  29  30  35  29  1.3  NS  NS  NS  NS  NS  NS 
day 7  25  24  30  32  33  0.7  ***  NS  NS  **  **  * 
day 10  25  23  27  28  26  0.6  NS  NS  NS  NS  NS  NS 
day 14  26  25  26  23  26  0.6  NS  NS  NS  NS  NS  NS 
days 1-14  26  25  28  30  29  0.5  *  NS  NS  *  NS  NS 
1HP14: high protein diet for 14 days; LP5: low protein diet for 5 days; LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
2Pooled standard error of mean 
3 Fisher’s-protected LSD 
4Significance level: NS: Not significant, * P<0.05, ** P<0.01 
5Faecal samples were collected at days 5, 7, 10 and 14 
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Table 4.8 Effect of feeding diets of different protein level on performance in weaner pigs 
Treatments
1  Contrasts (P=)
3,4 
Item 
 
HP14 
 
LP5 
 
LP7 
 
LP10 
 
LP14 
 
SEM
2 
 
 
 
P-value 
 
HP14 
vs. 
LP5 
HP14 
vs. 
LP7 
HP14 
vs. 
LP10 
HP14 
vs. 
LP14 
HP14 
vs. 
LP 
ADG, g 
days 1-14  148  159  139  113  143  7.3  0.372  NS  NS  NS  NS  NS 
days 15-28  405  383  434  433  377  12.1  0.381  NS   NS   NS   NS   NS  
days 1-28  293  298  305  283  282  7.8  0.817  NS   NS   NS   NS   NS  
days 29-106  855  838  877  875  880  9.1  0.572  NS   NS   NS   NS   NS  
 
ADFI, g 
days 1-14  229  221  206  175  209  8.4  0.307  NS  NS  NS  NS  NS 
days 15-28  635  627  697  649  628  17.7  0.662  NS   NS   NS   NS   NS  
days 1-28  450  451  470  425  440  10.9  0.726  NS   NS   NS   NS   NS  
 
FCR, g/g 
days 1-14  1.53  1.42  1.51  1.59  1.53  0.040  0.759  NS  NS  NS  NS  NS 
days 15-28  1.55  1.57  1.56  1.51  1.62  0.018  0.445  NS   NS   NS   NS   NS  
days 1-28  1.56  1.53  1.54  1.54  1.56  0.017  0.964  NS   NS   NS   NS   NS  
1HP14: high protein diet for 14 days; LP5: low protein diet for 5 days; LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
2Pooled standard error of mean 
3 Fisher’s-protected LSD  
4Significance level: NS: Not significant   83 
Table 4.10 Effect of feeding a LP on total tract apparent digestibility of DM, energy and N in weaner pigs 
Treatments
1  Contrasts (P=)
3,4 
Item 
 
HP14 
 
LP5 
 
LP7 
 
LP10 
 
LP14 
 
SEM
2 
 
 
 
P-value 
 
HP14 
vs. 
LP5 
HP14 
vs. 
LP7 
HP14 
vs. 
LP10 
HP14 
vs. 
LP14 
HP14 
vs. 
LP 
DM                         
day 7  0.78  0.77  0.77  0.79  0.78  0.007  0.756  NS  NS  NS  NS  NS 
day 14  0.77  0.78  0.75  0.79  0.78  0.012  0.512  NS  NS  NS  NS  NS 
                         
Energy                         
day 7  0.76  0.74  0.73  0.75  0.75  0.008  0.767  NS  NS  NS  NS  NS 
day 14  0.75  0.75  0.71  0.76  0.76  0.012  0.480  NS  NS  NS  NS  NS 
                         
N                         
day 7  0.74  0.72  0.68  0.69  0.67  0.013  0.558  NS  NS  NS  NS  NS 
day 14  0.75  0.76  0.70  0.76  0.73  0.014  0.237  NS  NS  NS  NS  NS 
1HP14: high protein diet for 14 days; LP5: low protein diet for 5 days; LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
2Pooled standard error of mean 
3 Fisher’s-protected LSD  
4Significance level: NS: Not significant 
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Table 4.10 Effect of feeding a LP on VFA, BCFA and pH in weaner pigs 
Treatments
1  Contrasts (P=)
3,4 
Item 
 
HP14 
 
LP5 
 
LP7 
 
LP10 
 
LP14 
 
SEM
2 
 
 
 
P-value 
 
HP14 
vs. 
LP5 
HP14 
vs. 
LP7 
HP14 
vs. 
LP10 
HP14 
vs. 
LP14 
HP14 
vs. 
LP 
Total VFA, mmol/kg wet faeces 
day 5  145  135  155  150  171  11.8  0.901  NS  NS  NS  NS  NS 
day 7  160  170  165  190  180  10.5  0.895  NS  NS  NS  NS  NS 
day 10  152  161  171  194  159  5.6  0.133  NS  NS  *  NS  NS 
day 14  148  123  135  139  152  3.3  0.077  *  NS  NS  NS  NS 
days 1-14  150  146  157  167  164  4.2  0.384  NS  NS  NS  NS  NS 
 
BCFA
5, % total VFA 
day 5  7.2  6.7  5.3  6.5  6.6  0.32  0.337  NS  †  NS  NS  NS 
day 7  5.8  5.0  5.4  5.6  5.2  0.27  0.867  NS  NS  NS  NS  NS 
day 10  5.9  4.3  6.4  4.6  5.6  0.32  0.168  NS  NS  NS  NS  NS 
day 14  6.3  6.5  6.4  5.6  5.9  0.27  0.804  NS  NS  NS  NS  NS 
days 1-14  6.3  5.7  6.0  5.7  5.8  0.19  0.769  NS  NS  NS  NS  NS 
 
Faecal pH 
day 5  6.5  6.5  6.3  6.4  6.3  0.07  0.836  NS  NS  NS  NS  NS 
day 7  6.4  6.1  6.1  6.1  6.2  0.07  0.523  NS  NS  NS  NS  NS 
day 10  6.6  6.3  6.5  6.2  6.4  0.04  0.048  *  NS  **  NS  * 
day 14  6.8  6.7  6.7  6.6  6.4  0.07  0.572  NS  NS  NS  NS  NS 
days 1-14  6.6  6.4  6.4  6.4  6.4  0.04  0.250  NS  NS  *  †  * 
1HP14: high protein diet for 14 days; LP5: low protein diet for 5 days; LP7: low protein diet for 7 days; LP10: low protein diet for 10 days; LP14: low protein 
diet for 14 days 
2Pooled standard error of mean 
3 Fisher’s-protected LSD    85 
4Significance level: NS: Not significant, * P<0.05, ** P<0.01 
5Branched-chain fatty acids; molar proportion of isobutyic acid, isovaleric acids and valeric acid with respect to the total VFA. Valeric acid is considered to be 
associated with protein degradation from metabolism of AA (Macfarlane et al., 1992) 
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4.4 Discussion 
The present study was conducted to test the hypotheses that feeding a diet low in 
protein but supplemented with essential AA to maintain an ‘ideal pattern’ in the 
diet would first, reduce indices of protein fermentation in the GIT and reduce the 
incidence  of  PWD,  and  second,  not  compromise  growth  to  approximately  15 
weeks  of  age.  We  were  interested  specifically  in  whether  feeding  a  LP  diet 
decreased the production of potentially deleterious proteinaceous end-products 
and in turn reduce the incidence of diarrhoea after weaning. Reducing the dietary 
protein level from 243 g/kg to 173 g/kg decreased the levels of faecal NH3-N and 
PUN indicative of decreased protein fermentation; these data are comparable to 
work published elsewhere (Nyachoti et al., 2006). Commensurately, this strategy 
decreased the number of antibiotic treatments and the incidence of PWD and 
improved faecal consistency with an accompanying increase in the faecal DM 
content. 
 
My data do not allow us to separate the effects of reduced dietary protein intake 
versus reduced protein fermentation in the  GIT  per se on levels of PUN and 
faecal NH3-N. The HP and LP diets naturally differed in protein sources, and 
hence the contribution of a difference in protein ‘quality’ as well as protein intake 
to protein fermentation cannot be discounted. Regardless, increased fermentation 
of  protein  and  subsequent  absorption  of  ammonia  will  increase  PUN  levels 
because NH3 is converted to urea in the liver for excretion through urine (Younes 
et al., 1998). Another source of circulating PUN is unbalanced or excess dietary 
proteins that are not used for body protein synthesis, and are catabolised through 
several  metabolic  pathways  such  as  gluconeogenesis.  Deamination  and  urea 
formation during gluconeogenesis of free AA are fluxed into the portal blood 
system from the liver (Linder 1991). The lower concentrations of PUN and faecal 
NH3-N in pigs fed LP diets in the present study most likely reflects less protein 
fermentation due to quantitatively less protein being present in the distal GIT. The 
lack of any difference in production between the HP- and LP-fed pigs supports 
the notion that sufficient AA were available in the LP diets to support growth, and 
hence  muscle  deposition.  While  feed  intake  is  not  related  to  the  PUN 
concentration  (Figueroa  et  al.  2002),  dietary  fibre  can  influence  PUN  levels.   87 
Higher dietary fibre levels increase carbohydrate-utilising microbes in the large 
intestine  which,  in  turn,  decrease  protein  fermentation  and  hence  the  PUN 
concentration (Bolduan et al. 1988; Younes et al. 1998; Bikker et al. 2006). I 
attempted to avoid this possible confounding effect by formulating all diets with a 
similar NDF content, and the lack of difference in faecal VFA concentrations 
between pigs fed the HP and LP diets supports this notion. On the other hand, 
Nyachoti et al. (2006) reported that a gradual reduction in dietary crude protein 
levels linearly decreased most VFA concentrations in the ileum. This discrepancy 
was most likely because their LP diets replaced some soybean meal with low-
fibre  grains  such  as  corn  and  wheat  to  reduce  dietary  protein  levels,  which 
consequently resulted in lower fibre contents in the LP diets compared with the 
HP  diet.  Therefore,  the  results  obtained  from  Nyachoti  et  al.  (2006)  and  the 
present study highlights that the dietary protein: carbohydrate ratio, especially 
fermentable  carbohydrates,  plays  an  important  role  for  fermentation 
characteristics in the distal GIT. Nevertheless, my study demonstrated that under 
similar  dietary  NDF  contents,  reducing  dietary  protein  with  AA  fortification 
decreased indices of protein fermentation in the GIT. 
 
Some commercial diets for weaned pigs remain formulated at 220 g/kg -240 g/kg 
CP diet, to support the rapid lean growth potential of modern genotypes (NRC 
1998). This is important because faster growth in the immediate post-weaning 
period  is  related  to  lifetime  performance  (Lawlor  et  al.  2002).  However  the 
digestibility of protein measured at the terminal ileum after weaning can range 
between 0.60-0.70 (Högberg and Lindberg 2004), causing more protein to enter 
the  hindgut  that  in  turn  could  change  the  proportions  of  saccharolytic  and 
proteolytic populations in both the terminal ileum and the large intestine. More 
protein  in  the  lower  GIT  increases  saccharo-proteolytic  microbes,  which 
primarily  gain  energy  from  carbohydrate  fermentation  when  the  protein: 
carbohydrate  ratio  in  the  ileal  chyme  is  low,  but  are  able  to  proliferate  and 
ferment protein to gain energy when there is increased availability of fermentable 
protein (Weijers and Van de Kamer 1965; Abe et al., 1981; Nollet et al., 1999). 
These bacterial groups include E. coli, Proteus spp. and Clostridia spp. (Nollet et 
al.  1999).  The  deamination  and  decarboxylation  processes  also  generate 
potentially  harmful  toxins  such  as  BCFA,  NH3,  amines,  volatile  phenols  and   88 
indoles that can irritate the colonic epithelium (Williams et al. 2001). Specifically, 
NH3 in the GIT can disturb (Lin and Visek 1991; Nousiainen 1991), hence a 
reduction in the degree of protein fermented by the microbiota is beneficial to the 
newly-weaned pig. 
 
Wellock et al. (2006) demonstrated with 29-day-old weaned pigs that increasing 
dietary  crude  protein  from  103  g/kg  to  230  g/kg  significantly  decreased  the 
Lactobacilli to Coliform ratio mainly due to increased Coliform populations in 
the  faeces  and  proximal  colon  samples.  Likewise,  Reid  and  Hillman  (1999) 
demonstrated  that  adding  a  retrograded  form  of  waxy  maize,  a  rapidly 
fermentable carbohydrate source, could reduce protein degrading Bacteroides spp. 
in the colon and increased the Lactobacilli to Coliform ratio. Although microbial 
populations were not specifically assessed in the present study, these findings 
collectively suggest that reducing protein load in the hindgut can minimise the 
proliferation  of  pathogen-related  bacterial  species.  Post-weaning  diarrhoea 
(PWD)  is  a  multifactorial  disease,  but  my  study  demonstrated  that  under 
reasonably  hygienic  conditions  without  a  major  bacterial  challenge,  reducing 
protein fermentation in the GIT by lowering dietary protein content could reduce 
PWD and improve faecal consistency. Furthermore, but with a larger difference 
in  dietary  protein  levels  (124  g/kg  vs.  247  g/kg),  Van  Heugten  et  al.  (1994) 
demonstrated  that  a  LP  diet  fed  to  21-day-old  weaner  pigs  improved  cellular 
immune  responses  in  unchallenged  pigs  but  not  in  E.  coli-liposaccharide-
challenged pigs.  
 
Data from the present study also demonstrated that feeding a LP diet fortified 
with  crystalline  Ile  and  Val  for  a  shorter  duration  after  weaning  would  not 
compromise production, both in the post-weaning period and to 15 weeks of age. 
Feeding a LP diet for only 5 days after weaning, and then transferring pigs onto a 
higher-protein second-stage diet, not only decreased protein fermentation indices 
in  the  GIT  and  the  incidence  of  PWD,  but  also  supported  the  same  level  of 
performance as pigs fed diet HP14 up to 15 weeks after weaning. Feeding the LP 
diet for a shorter duration will minimise feeding costs. This finding is contrary to 
the reports by Nyachoti et al. (2006) and Wellock et al. (2006), but agrees with 
reports by Le Bellego and Noblet (2002) and Htoo et al. (2007). The latter studies,   89 
together with my study, all formulated the LP diets according to the ideal AA 
concept with supplementation of Ile and Val in crystalline form. The studies by 
Nyachoti et al. (2006) and Wellock et al. (2006) did not supplement Ile and Val in 
their  LP  diets,  which  Nyachoti  et  al.  (2006)  concluded  were  limiting  for  the 
growth of pigs. Mavromichalis et al. (1998) examined the order of limiting AA 
between 5 and 8 weeks of age using a 135 g/kg CP diet with supplementation of 
crystalline AA including Lys, Met, Trp, Thr, Ile and Val. They found that apart 
from  Lys,  which  was  the  first-limiting  AA,  Ile  and  Val  were  equally  second 
limiting along with Met, Trp and Thr. Similarly, Zheng et al. (2001) fed a diet 
containing  160  g/kg  CP  to  11-kg  pigs  and  compared  this  to  pigs  fed  a  diet 
containing 200 g/kg CP. They found that reducing the crude protein content from 
200 g/kg to 160 g/kg significantly decreased daily gain and feed intake, but pigs 
fed the LP diet with Ile supplementation showed improved growth to a similar 
level to pigs fed the HP diet. Collectively, these results indicate that if a LP diet is 
adequately supplemented with crystalline AA including Ile and Val according to 
the ideal AA pattern, a crude protein content as low as 170 g/kg is not likely to 
affect performance in weaned pigs.  
 
4.5 Conclusions 
The data from this study demonstrated that feeding a LP diet formulated to a 
recommended ideal AA pattern with Ile and Val to pigs for 5, 7, 10 or 14 days 
after  weaning  reduces  indices  of  protein  fermentation  in  the  GIT  and  PWD-
related  symptoms  such  as  the  incidenc  of  PWD  and  the  therapeutic  use  of 
antibiotics.  Moreover,  the  study  highlighted  that  feeding  a  LP  diet  with 
fortification of Ile and Val along with Lys, Met, Thr and Trp did not compromise 
performance responses compared with pigs fed a HP diet after weaning. Further 
investigation is warranted to investigate the effects of feeding a LP diet on protein 
fermentation  and  PWD  under  conditions  of  greater  ETEC  challenge,  where 
antimicrobial growth promoters are though to have a greater ameliorative effect.    90 
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Abstract This study evaluated the effect of feeding low protein (LP) diets for 7 or 
14 days after weaning or a high protein (HP) diet for 14 days after weaning on 
PWD,  indices  of  protein  fermentation  and  production  in  pigs  infected  or  not 
infected per os with ETEC. A total of 72 female pigs weaned at 21 days of age 
with initial BW of 5.9 ± 0.12 kg (Mean ± SEM) were used in a 3 ￿ 2 factorial 
arrangement of treatments. The factors were 3 feeding regimens associated with 
different combinations of feeding duration and diet crude protein level: (i) HP 
diet (256 g /kg CP) fed for 14 days after weaning, (ii) LP diet (175 g /kg CP) fed 
for 7 days after weaning, and (iii) LP diet fed for 14 days after weaning; and 
either infection or non-infection with ETEC (10
7 colony-forming units (cfu)/mL, 
serotype O149: K91: K88) at 72, 96, and 120 hours, after weaning. The LP diets 
were  fortified  with  crystalline  Ile  and  Val  to  achieve  an  ideal  AA  pattern.  A 
second-stage  diet  (213  g  /kg  CP)  was  fed  to  pigs  at  the  conclusion  of  each 
feeding regimen, and the study finished 4 week after weaning. None of the diets   91 
contained antimicrobials. Feeding the LP diets decreased (P<0.001) PUN, faecal 
NH3-N concentrations and the incidence of PWD, but increased (P<0.001) faecal 
DM content, compared with pigs fed HP after weaning in the 2-week period after 
weaning.  Infection  increased  shedding  of  β-haemolytic  E.  coli  (P<0.001),  the 
incidence of PWD (P<0.001) and faecal NH3-N concentrations (P<0.01), but did 
not interact with feeding regimen, after weaning. Pigs challenged with E. coli 
grew  slower  (P<0.001)  and  had  an  inferior  FCR  (P<0.01)  compared  to  non-
challenged pigs in 4 week period after weaning. Feeding a LP diet for either 7 or 
14  day  after  weaning  markedly  reduced  the  incidence  of  PWD  following 
infection  with  β-haemolytic  E.  coli.  Infection  was  associated  with  increased 
indices of protein fermentation in the distal GIT, but it did not compromise the 
growth of weaner pigs in the 4 week period after weaning. 
 
Key  Words:  E.  coli,  infection,  low-protein,  pigs,  post-weaning  diarrhoea, 
production 
 
5.1 Introduction 
Post-weaning  diarrhoea  (PWD)  is  a  multifactorial  condition  characterized  by 
frequent discharge of watery faeces that can cause a growth check, morbidity and 
mortality  (Hampson,  1994;  Madec  et  al.,  2000).  This  condition  is  typically 
associated with faecal shedding of β-haemolytic ETEC. These strains proliferate 
in the small intestine after they attach to epithelial receptors and release toxins 
(Hampson, 1994), although it is recognized that seemingly healthy pigs may also 
shed small numbers of these bacteria (Osek, 1999; Schierack et al., 2006). 
 
Diets  for  weanling  pigs  generally  contain  200g/kg  -  230  g/kg  CP  to  support 
maximum rates of lean tissue gain (NRC, 1998). However, not all dietary protein 
is available for metabolism. For example, Högberg & Lindberg (2004) reported 
that digestibility for crude protein at the terminal ileum was between 60%-80% 
in  weaned  pigs  aged  27-28  days  fed  a  diet  based  on  triticale  and  wheat. 
Undigested dietary protein plus proteins of endogenous origin pass into the distal 
GIT, which can encourage the growth of N utilizing bacteria (Piva et al., 1996; 
Reid and Hillman, 1999) that ferment protein to produce potentially harmful end-  92 
products such as BCFA, indole, phenols, ammonia and biogenic amines. In turn, 
these products have been implicated in the etiology of PWD (Gaskins, 2001; 
Pluske et al., 2002; Kim et al., 2008).  
 
In chapter 4,  I showed  that feeding a lower protein (173  g/kg CP) diet after 
weaning reduced indices of protein fermentation with an associated decrease in 
diarrhoea, and without adverse effects on production compared with feeding a 
higher protein (243 g/kg CP) diet. This experiment was conducted in a facility 
having  low  infection  pressure,  which  differs  from  commercial  practice  where 
piglets are exposed to greater levels of bacterial challenge. The responses to a LP 
diet may therefore be different under conditions of greater bacterial pathogen 
load. 
 
The hypothesis tested in this study was that feeding a LP diet supplemented with 
crystalline  Ile  and  Val  to  maintain  an  ideal  AA  pattern  would  decrease  the 
incidence of PWD without compromising growth. To elucidate whether bacterial 
infection  pressure  interacts  with  dietary  protein  level,  an  experimental  ETEC 
infection  model  established  in  our  laboratory  was  used  to  induce  moderate 
diarrhoea after weaning (Montagne et al., 2004).  
 
5.2 Materials and Methods 
The Murdoch University Animal Ethics Committee approved the practices (R 
2003/06)  and  procedures  used  in  this  experiment.  Animals  were  handled 
according to the Australian Code of Practice for the Care and Use of Animals for 
Scientific Purposes (CSIRO, 2008).  
 
5.2.1 Experimental Design  
The experiment was a 3 ￿ 2 factorial arrangement of treatments. The factors 
comprised 3 feeding regimens associated with different combinations of feeding 
duration and diet crude protein level, described as: (i) HP diet (256 g/kg CP) fed 
for 14 days after weaning (HP14), (ii) LP diet (175 g/kg CP) fed for 7 days after 
weaning (LP7), and (iii) LP diet fed for 14 days (LP14) after weaning; and either 
infection  or  non  infection  with  ETEC  at  72,  96  and  120  hours  after  arrival,   93 
respectively (see below for further details). At the conclusion of each feeding 
regimen,  all  piglets  then  received  a  second-stage  diet  having  an  intermediate 
protein content (213 g/kg CP) until the experiment finished 4 week after weaning. 
However  and  since  LP7  and  LP14  were  the  same  diets  until  day  7,  all  data 
(except that for performance) were pooled and analysed as either HP or LP in the 
first  week  after  weaning  (see  Statistical  Analyses  section).  All  diets  were 
formulated  to  meet  the  ideal  pattern  of  ileal  digestible  AA  according  to  the 
recommendations  of  Chung  and  Baker  (1992).  None  of  the  diets  contained 
antimicrobial compounds. 
 
5.2.2 Animals, Housing and Diets 
Seventy two female pigs (Large White ￿ Landrace) weaned at 21 days of age 
with initial BW of 5.9 ± 0.12 kg (mean ± SEM) were used. Pigs were obtained 
from a commercial supplier (Wandalup Farms Ltd., Mandurah, WA, Australia) at 
weaning and transported to an animal facility at Murdoch University. Pigs were 
allocated to their experimental treatments based on initial BW and block within 
room in the animal facility. This facility contains 3 rooms that allowed infected 
and non-infected pigs to be housed separately. The 36 infected pigs were housed 
in one room that contained 6 pens, with 6 pigs allocated to each pen (space 
allowance of 0.44 m
2 per pig and a feeder space allowance of 3.9 cm per pig). 
The 36 non-infected pigs were housed in another 2 rooms that also contained 6 
pens each; in this case, each pen contained 3 pigs (space allowance of 0.88 m
2 
per pig and a feeder space allowance of 7.8 cm per pig). These feeder and space 
allowances exceed those recommended for pigs of this weight (e.g., Wolter et al., 
2002;  Payne  et  al.,  2006).  In  addition,  the  space  allowance  exceeded  that 
recommended for nursery pigs by the Model Code of Practice for the Welfare of 
Animals - Pigs (CSIRO, 2008). 
 
All  infected  pigs  were  housed  in  a  single  room  to  first,  avoid  any  cross 
contamination  of  pigs  from  the  different  rooms  associated  with  the  disease 
challenge  (after  Ding  et  al,  2006),  and  second,  to  encourage  proliferation  of 
ETEC within a pen. I reasoned that housing more (i.e., n = 6) pigs per pen for the 
infection  treatments  would  assist  in  exacerbating  the  disease  due  to  the  oral-  94 
faecal recycling of ETEC (Hampson, 1994). Pens contained plastic-slatted floori
ng with a nipple bowl drinker and a single-space feeder. A round feeding bowl w
as placed in each pen to encourage feed consumption in the immediate post-wean
ing period. The ambient temperature was maintained at 29 ± 1°C for the initial w
eek, and then gradually decreased by 2°C in both weeks 2 and 3. The pigs were 
offered their respective experimental diets ad libitum for 4 weeks and had free 
access to water at all times. Cleaning and feeding schedules were implemented to 
ensure  that  movement  between  rooms  was  conducted  in  the  order  from  non-
infected to infected groups. 
 
Diets were formulated to contain a similar DE content but different protein levels 
(see Table 1and 2), and were formulated using standardized ileal digestible AA 
contents (Sauvant et al., 2004). All diets were formulated to at least contain an 
ideal pattern of ileal digestible AA (Chung and Baker, 1992). Crystalline AA (Lys, 
Met, Trp and Thr) were added to the LP and Stage-II diets, with crystalline Ile 
and Val added to the LP diets to achieve the ideal pattern of essential AA. In this 
regard,  to  reflect  a  more  expensive  cost  associated  with  fortifying  diets  with 
crystalline  Ile and Val, LP diets were fed  for either 7- or 14-day to examine 
whether such a diet could be fed for a shorter period after weaning and achieve 
the same effects, thereby reducing production costs. All diets were fed in mash 
form.  Diet  composition  and  nutrient  contents  of  the  experimental  diets  are 
presented in Table 1 and 2. Pigs were weighed weekly for 4 week. Feed intake 
was recoded on a weekly basis as feed disappearance from the feeder.   95 
Table 5.1 Composition of the experimental diets (g/kg, as-fed basis) 
Item  Diets
1 
Ingredients, g/kg  HP  LP  Stage-II
 
Barley   167.8  200.0  200.0 
Wheat   355.7  423.9  406.3 
Oat groats  50.0  86.8  50.0 
Canola meal  100.0  100.0  100.0 
Soybean meal  200.0  38.6  153.9 
Fishmeal   52.7  21.7  20.0 
Whey  50.0  81.1  30.0 
Canola oil  5.0  5.0  5.0 
Dicalcium Phosphate  10.6  19.2  17.4 
Limestone  6.2  11.9  11.2 
Salt  1.0  1.0  1.0 
Vitamin/Mineral premix
2  1.0  1.0  1.0 
L-Lys    6.0  3.0 
DL-Met    1.0  0.5 
L-Thr    1.8  0.7 
L-Trp    0.3   
L-Ile    0.4   
L-Val    0.3   
       
Calculated composition       
Crude protein, g/kg  240.0  180.0  205.0 
DE, MJ/Kg  14.00  13.80  13.80 
SID
3 Lys, g/MJ DE  0.81  0.80  0.78 
Starch, g/kg  323.7  372.1  368.9 
Total NSP
4, g/kg  145  128  147 
Insoluble NSP  106  94  108 
Soluble NSP  39  34  39 
SID AA
5, g/kg       
Lys  11.3  11.0  10.8 
Met  3.6  3.5  3.2 
Thr  7.9  7.2  7.0 
Trp  2.5  2.0  2.1 
Ile  9.2  6.6  7.4 
Leu  15.6  11.5  12.8 
Val  10.2  7.5  8.4 
Total AA, g/kg       
Arg  14.7  9.1  12.2 
His  5.8  4.0  4.9 
Ile  10.5  7.7  8.5 
Leu  17.6  12.9  14.6 
Lys  13.2  13.0  12.6 
Met  4.0  4.0  3.6 
Phe  10.9  7.4  9.2 
Thr  9.4  8.5  8.3 
Trp  3.0  2.3  2.5 
Val  12.0  8.9  10.0 
Ala  10.6  7.2  8.5 
Asp  21.0  12.3  16.7 
Glu  48.4  37.3  42.9   96 
Gly  11.0  7.6  8.9 
Pro  15.1  12.8  13.7 
Ser  11.1  7.7  9.3 
1HP: high protein diet, LP: low protein diet, Stage-II: second-phase diet 
2Provided the following nutrients (per kg of air-dry diet): 
Vitamins: A 7000 IU, D3 1400 IU, E 20 mg, K 1 mg, thiamine 1 mg, riboflavin 3 mg, 
pyridoxine 1.5 mg, cyanocobalamin 15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 
mg, niacin 12 mg, biotin 30 µg. Minerals: Co 0.2 mg (as cobalt sulphate), Cu 10 mg(as 
copper sulphate), iodine 0.5 mg (as potassium iodine), iron 60 mg (as ferrous sulphate), 
Mn 40 mg (as manganous oxide), Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc 
oxide). (BJ Grower 1, BioJohn Pty Ltd., WA, Australia) 
3SID: standardized ileal digestible 
4Non-starch polysaccharides (NSP) contents were calculated based on Bach Knudsen 
(1997)
 
5SID AA: standardized ileal AA contents were calculated based on recent feed ingredient 
evaluation table (Sauvant et al., 2004) 
 
Table  5.2  Analysed  chemical  composition  (g/kg,  as-fed  basis)  of  the 
experimental diets 
Item  Diets
1 
Ingredients, g/kg  HP  LP  Stage-II
 
Analysed composition, g/kg 
Crude protein  256.3  175.0  212.5 
Crude fat   40.8  48.6  53.4 
Crude fiber  30.1  34.5  29.6 
ADF  41.5  48.9  43.4 
NDF  98.2  98.1  99.5 
Total AA, g/kg       
Arg  14.7  8.4  12.1 
His  6.0  3.7  4.9 
Ile  10.2  6.6  8.3 
Leu  17.5  11.3  14.6 
Lys  13.1  11.1  12.6 
Met  2.6  2.5  2.3 
Phe  10.9  6.8  9.2 
Thr  9.3  7.6  8.4 
Trp  3.2  2.0  2.3 
Val  11.6  7.8  9.6 
Ala  10.7  6.7  8.9 
Asp  20.1  11.1  16.5 
Glu  43.3  31.1  39.4 
Gly  11.1  7.2  9.1 
Pro  14.2  10.7  12.8 
Ser  10.9  7.0  9.4 
1HP: high protein diet, LP: low protein diet, Stage-II: second-phase diet   97 
5.2.3 Infection Procedures 
Experimental infection with ETEC was conducted at 76, 96 and 120 hours after 
arrival using the procedure described previously (Chapter 2.4). 
 
5.2.4 Blood and Faecal Sampling 
Four pigs per treatment closest to the median BW were selected for sampling at 
the start of the study, with the 4 heaviest and 4 lightest pigs in each treatment 
excluded. Blood samples (5 mL) were collected into vacutainer tubes coated with 
lithium heparin via puncture of the anterior vena cava on both day 7 and day 
14. .Detailed bleeding procedures are described in Chapter 2.7. 
Between 0900 and 1200 O’clock on days 7 and 14, faeces from each pig that was 
observed to defecate were collected immediately from the floor. The number of 
defecation  events  varied  per  pig,  but  it  was  ensured  that  at  least  one  faecal 
sample was collected from each pig during this time. Samples were immediately 
stored at -20°C for later analysis of VFA, BCFA and faecal NH3-N.  
 
5.2.5 Incidence of PWD  
Faeces from each pig were visually examined each morning for 2 weeks after 
weaning to determine the incidence of PWD and ascertain the health status of the 
pigs. Faeces were assessed using the hydrochloric acid (HCl)  score according to 
Marquardt et al. (1999) using a subjective score on a three-point scale ranging 
from 1 to 3, where 1 = well formed, 2 = sloppy, 3 = diarrhoea. The incidence of 
PWD was expressed as the mean proportion of days that pigs had diarrhoea with 
respect to total days (14 days) of observation (Mateos et al., 2006).  
 
5.2.6 Shedding of β-haemolytic E. coli 
Faecal shedding of β-haemolytic E. coli was assessed at arrival and then again on 
d 3, 5, 7, 10, 12, and 14 after weaning, by inserting a soft cotton bud into the 
anus. Details of procedures used to measure faecal shedding of β-haemolytic E. 
coli are described in Chapter 2.5. 
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5.2.7 Chemical Analyses 
The VFA, AA, PUN, faecal NH3-N, DM, N, NDF, ADF and GE were determined 
as described previously (Chapter 2.10.1 - 2.10.8). 
 
5.2.8 Statistical analyses 
Data were analysed using the GLM procedure of SPSS (version 14.0, SPSS Inc., 
Chicago, Illinois, USA) with the main effects being feeding regimen treatments 
(HP14, LP7 or LP14) and infection or non-infection of pigs after weaning. Since 
LP7  and  LP14  were  the  same  diets  until  day  7,  all  data  (except  that  for 
performance)  were  pooled  and  analyzed  as  either  HP  or  LP;  data  were  then 
analyzed as 3 dietary treatments (i.e. LP7, LP14, HP14) from days 8-14. Block 
was used as a random factor in the model for all measured experimental variables. 
Least-squares analysis and a 2-factor linear model with all interactions were used 
to evaluate responses. The ADG, ADFI and FCR were assessed using the pen as 
the experimental unit. All other measurements were assessed using the individual 
pig as the experimental unit, providing 12 replications per treatment, except PUN 
that provided 4 replications. Data for the incidence of PWD were expressed as 
the mean percentage of days with diarrhoea relative to the first 14 days after 
weaning (Mateos et al., 2006). Initial BW was used as a covariate for growth data. 
Statistical  significance  was  accepted  at  P<0.05.  Pair-wise  means  comparisons 
between the different feeding regimen treatments were made when appropriate 
using Fisher’s-protected LSD. 
 
5.3 Results 
5.3.1 General 
Piglets remained healthy and performed well throughout the study, although one 
E. coli-infected pig in treatment LP14 died. A post-mortem examination revealed 
that  the  death  was  caused  by  mild  diffuse  pulmonary  edema.  This  pig  was 
excluded from all experimental measurements in the current study. 
Calculated total AA compositions and chemical compositions of the experimental 
diets were similar to the analyzed values as presented in Tables 1 and 2, except 
they had a lower Met content. The calculated Met to Lys ratio was 0.30 which is 
within the proposed ideal pattern, but the analyzed Met to Lys ratio was 0.20,   99 
indicating a lower Met content than in the formulation. The analyzed level of 
crude protein in the HP diet was in excess of that formulated (256 g/kg vs. 240 
g/kg). 
 
5.3.2 PUN, Faecal NH3-N, Faecal DM and E. coli Shedding 
No  significant  interactions  (P>0.05)  occurred  between  feeding  regimen  and 
ETEC infection for any of the indices measured after weaning (Table 5.3). Pigs 
fed LP had lower PUN levels compared to pigs fed HP at day 7 (P<0.01) and, at 
day 14, pigs fed LP7 and LP14 had consistently lower PUN than pigs fed HP14 
after weaning (P<0.001). The level of PUN was not influenced (P>0.05) by E. 
coli challenge at day 7 or day 14. In contrast, infection with ETEC increased 
faecal NH3-N at day 7 (P<0.05) and tended to increase faecal NH3-N at day 14 
(P<0.1). Feeding diet LP reduced faecal NH3-N concentrations compared with 
pigs fed HP at day 7 (P<0.001) and at day 14, both LP7 and LP14 significantly 
reduced faecal NH3-N concentrations compared with pigs fed HP14 (P<0.001).  
There was a significant decrease (P<0.05) in faecal DM contents associated with 
ETEC infection at day 7 (21.4% vs. 23.8%), but no effect (P>0.05) was evident 
at day 14 (Table 5.3). There were significant main effects (P<0.001) of feeding 
regimen on faecal DM content assessed on day 7 and day 14. Pigs fed LP had 
drier faeces than pigs fed HP at day 7 (26.0% vs. 20.5% DM). At day 14, pigs fed 
LP14 had more DM in their faeces than pigs fed either LP7 or HP14 (25.5% vs. 
23.6% and 22.8%, respectively).  
 
Faecal haemolytic E. coli was detected in some pigs on arrival, but there was no 
difference  (P>0.05)  between  experimental  treatments.  As  anticipated, 
experimental  ETEC  infection  increased  the  faecal  haemolytic  E.  coli  score 
assessed  at  day  5  and  day  7  and  for  the  entire  2-week  period  after  weaning 
(P<0.001). Although pigs fed LP tended to shed less (P<0.1) haemolytic E. coli 
(mean score of 0.69), compared with pigs fed diet HP (mean score of 1.17) at 
day 7, no differences in feeding regimen were detected for the 2 week period 
after weaning (P>0.05; Table 5.3). 
 
5.3.3 Incidence of PWD 
There was no interaction (P>0.05) between feeding regimen and ETEC infection   100 
in the overall 2 week period after weaning (P>0.05, Table 5.4). There was a 
significant  main  effect  of  feeding  regimen  (P<0.001  -  P<0.001)  and,  as 
anticipated,  a  significant  main  effect  of  infection  (P<0.001),  on  PWD  during 
days 1-7, days 8-14 and overall from days 1-14. Feeding either LP7 or LP14 
decreased (P<0.001) the incidence of PWD compared with pigs fed HP14 at day 
14, but the incidence of PWD was the same (P>0.05) between the 2 LP diets at 
days 8-14. 
 
5.3.4 VFA levels 
Feeding diet LP decreased (P<0.01) total VFA concentrations at day 7 compared 
to pigs fed HP (104 mmol/kg vs. 140 mmol/kg, respectively). At day 14, the 
main  effect  of  E.  coli  infection  caused  decreased  total  VFA  concentrations 
compared to non-infected pigs (131 vs. 96 mmol/kg respectively; P<0.01). The 
molar proportions of BCFA were unaffected (P>0.05) by feeding regimen or E. 
coli infection. No interactions between feeding regimen and infection occurred 
for VFA or BCFA (Table 5.5).   101 
Table 5.3 Effects of feeding regimen and experimental ETEC infection after weaning 
on PUN, fecal NH3-N, faecal DM content and fecal E. coli scores
1 
Feeding regimen
2 
Non- infected
  Infected
  P-value
4 
Period 
  HP14  LP7  LP14
5  HP14  LP7  LP14
5 
SEM
3 
 
FR
6  I
7  FR ￿ I 
PUN, mmol/L 
day 7  6.0
  3.0 
  6.9  3.7
    0.44  **  NS  NS 
day 14  4.5
a  3.9
a  1.1
b  4.4
a  3.3
ab  1.9
b  0.45  ***  NS  NS 
 
Faecal NH3-N, mg/kg DM 
day 7  360  287
    409
  309
    5.7  ***  *  NS 
day 14  449
a  383
b  364
b  482
a  407
b  392
b  7.6  ***  †  NS 
 
Faecal DM, % 
day 7  22.7  25.1
    18.2  24.6
    0.52  ***  *  † 
day 14  22.3
a  23.5
a  26.6
b  23.3
a  23.7
a  24.4
ab  0.33  ***  NS  NS 
 
Faecal E. coli score
8 
day 7  0.5  0.2
    1.1  1.5
    0.12  NS  ***  NS 
day 14  0.6  0.2
    1.8
  1.2    0.13  †  ***  NS 
days 1-14  0.3
a  0.1
a  0.1
a  0.6
b  0.5
b  0.6
b  0.11  NS  ***  NS 
abcMeans in the same row with different superscripts differ (P<0.05)   
1Pigs in infected group were experimentally challenged at 72, 96 and 120 hours after weaning. 
Values for faecal NH3-N, DM, and E. coli are the mean of 12 replicates except LP14 in the 
infected  group,  which  is  the  mean  of  11  replicates.  Values  for  PUN  are  the  mean  of  4 
replicates 
2HP14; high protein diet fed for 14 days, LP7; low protein diet fed for 7 days, LP14; low 
protein diet fed for 14 days. At the conclusion of each feeding regimen, all pigs then received 
a second-phase diet until 4 week after weaning 
3Pooled standard error of mean 
4Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
5Until day 7, pigs in feeding regimens LP7 and LP14 received the same diet; data were 
pooled and analyzed as a single diet (LP)
   
6Feeding regimen effect after day 7 
7Infection effect 
8Faecal  E.  coli  score  was  assessed as  agar plates were scored  from  0-5  according to the 
number of streaked sections that had viable growth of haemolytic E. coli, where 0 = no 
growth, 1 = E. coli in first section, and so on (5 = heaviest growth of haemolytic E. coli) 
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Table  5.4  The effect of feeding regimen and experimental ETEC infection on the 
incidence of PWD in the 2-week period after weaning
1,2 
Feeding regimen
3 
Non- infected  Infected 
P-value
5 
Period 
  HP14  LP7  LP14
6  HP14  LP7  LP14
6 
SEM
4 
FR
7  I
8  FR ￿ I 
days 1-7  16.7
  10.1    48.8  29.7    1.85  ***  ***  NS 
days 8-14  22.6
a  7.1
b  8.3
b  40.5
c  20.2
a  26.2
a  1.91  ***  ***  NS 
days 1-14  19.6
a  9.5
b  8.3
b  44.6
c  21.4
a  31.5
d  1.52  ***  ***  NS 
abcdMeans in the same row with different superscripts differ (P<0.05) 
1Pigs in infected group were experimentally challenged at 72, 96 and 120 hours after weaning. 
The non-infection and infection pigs were housed in separated rooms either 3 pigs or 6 pigs 
per pen, respectively. Values are mean of 12 replicates except LP14 in infected group which is 
mean of 11 replicates 
2Incidence  of  PWD  observed  during  14-day  after  weaning,  providing  12  replicates  per 
feeding regimen, is expressed as the mean percentage of days with diarrhoea relative to the 
total  14  days  after  weaning  (Mateos  et  al.,  2006).  Data  are  mean  values  per  treatment 
combination assessed between days 1-7, days 8-14, and days1-14
 
3HP14; high protein diet fed for 14 days, LP7; low protein diet fed for 7 days, LP14; low 
protein diet fed for 14 days, and at the conclusion of each feeding regimen, all pigs then 
received a second-phase diet until 4 weeks after weaning 
4Pooled standard error of mean 
5Significance level: NS: Not significant, † P<0.1, *** P<0.001 
6Until day 7, pigs in feeding regimens LP7 and LP14 received the same diet; data were 
pooled and analyzed as a single diet (LP) 
7Feeding regimen effect after day 7 
8Infection effect 
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Table 5.5 Effect of feeding regimen and experimental ETEC infection on fecal 
concentrations of VFA and molar proportions of BCFA in the 2-week period after 
weaning
1 
Feeding regimen
2 
Non- infected  Infected 
P-value
4 
Period 
  HP14  LP7  LP14
5  HP14  LP7  LP14
5 
SEM
3 
  FR
6  I
7  FR ￿ I 
Total VFA, mmol/kg wet feces 
day 7  148
  98
    131  110
    6.8  *  NS  NS 
day 14  128
a  136
a  130
a  96
b  115
b  78
b  5.4  NS  **  NS 
days 1-14  137  111  116  116  117  91  4.7  NS  NS  NS 
 
BCFA
6, % total VFA 
day 7  8.5  9.0    8.2  8.9    0.39  NS  NS  NS 
day 14  9.2  9.6  8.1  9.0  9.1  9.5  0.27  NS  NS  NS 
days 1-14  9.2  9.3  8.8  9.4  8.8  9.0  0.26  NS  NS  NS 
a,bMeans in the same row with different superscripts differ (P < 0.05)
 
1Pigs in infected group were experimentally challenged at 72, 96 and 120 hours after 
weaning. The non-infection and infection pigs were housed in separated rooms either 3 
pigs or 6 pigs per pen, respectively. Values are mean of 12 replicates except LP14 in 
infected group which is mean of 11 replicates 
2HP14; high protein diet fed for 14 days, LP7; low protein diet fed for 7 days, LP14; low 
protein diet fed for 14 days, and at the conclusion of each feeding regimen, all pigs then 
received a second-phase diet until 4 week after weaning 
3Pooled standard error of mean 
4Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01 
5Until day 7, pigs in feeding regimens LP7 and LP14 received the same diet; data were 
pooled and analyzed as a single diet (LP) 
6Feeding regimen effect after day 7 
7Infection effect 
8Branched-chain fatty acids; molar proportion of isobutyic acid, isovaleric acids and 
valeric acid with respect to the total VFA. Valeric acid is considered to be associated 
with protein degradation from metabolism of AA (Macfarlane et al., 1992)   104 
5.3.5 Production 
Feeding either diet LP7 or LP14 after weaning did not compromise ADG, ADFI, 
or FCR compared with pigs fed diet HP14 in the 28 d after weaning (P>0.05). 
However, ETEC infection decreased ADG by on average 31% (P<0.001) and 
FCR by on average 26% (P<0.05) in the 28-day period after weaning, without 
affecting ADFI (P>0.05). The interaction between ETEC infection and feeding 
regimen was not significant (Table 5.6). 
 
Table 5.6 The effect of feeding regimen and experimental ETEC infection on 
growth performance in weaned pigs
1 
a,bMeans in the same row with different superscripts differ (P<0.05) 
1Pigs in infected group were experimentally challenged at 72, 96 and 120 hours after 
weaning. The non-infection and infection pigs were housed in separated rooms either 3 
pigs or 6 pigs per pen, respectively. Values are mean of 12 replicates except LP14 in 
infected group which is mean of 11 replicates 
2HP14; high protein diet fed for 14days, LP7; low protein diet fed for 7 days, LP14; low 
protein diet fed for 14 days, and at the conclusion of each feeding regimen, all pigs then 
received a second-phase diet until 4 week after weaning 
3Pooled standard error of mean 
4Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
5Feeding regimen effect 
6Infection effect  
 
Feeding regimen
2 
Non-infected  Infected  P-value
4 
Period 
  HP14  LP7  LP14  HP14
  LP7  LP14 
 
SEM
3 
  FR
5  I
6  FR ￿ I 
ADG, g 
days 1-14  129
a  113
a  150
a  55
b  63
b  63
b  7.0  NS  ***  NS 
days 15-28  435
a  412
a  453
a  352
b  334
b  296
b  15.5  NS  **  NS 
days 1-28  282
a  263
a 
  301
a 
  204
b  199
b 
  179
b 
  9.9  NS  ***  NS 
 
ADFI, g 
days 1-14  192  186  235  196  206  189  9.4  NS  NS  NS 
days 15-28  562  461  581  501  486  418  33.8  NS  NS  NS 
days 1-28  377  324  408  349  346  304  25.9  NS  NS  NS 
 
FCR, g/g 
days 1-14  1.49
a  1.65
a  1.57
a  3.56
b  3.26
b  3.00
b  0.183  NS  ***  NS 
days 15-28  1.29
a  1.12
a  1.28
a  1.46
b  1.46
b  1.41
b  0.121  NS  *  NS 
days 1-28  1.34
a  1.23
a   1.36
a   1.71
b  1.74
b   1.70
b   0.120  NS  **  NS   105 
5.4 Discussion 
Data from the present study supported the hypothesis that feeding a diet lower in 
crude protein for either 7 or 14 days can achieve the combined beneficial effects 
of a reduction in PWD, in the absence of any dietary antimicrobial compounds, 
while not causing any loss in production in the post-weaning period. These data 
suggest, therefore, that a LP diet fortified with crystalline Ile and Val can be fed 
for as little as 7 days after weaning to achieve these effects. Previous work has 
demonstrated  that  feeding  a  LP  diet  after  weaning  can  compromise  growth 
(Nyachoti  et  al.,  2006;  Wellock  et  al.,  2006),  however  when  a  LP  diet  is 
supplemented with either Ile or Val, or both, to achieve a proposed ideal AA 
pattern (Chung and Baker, 1992), growth was not compromised (Le Bellego and 
Noblet, 2002; Htoo et al., 2007). Mavromichalis et al. (1998) commented that 
apart from Lys, the first-limiting AA, Ile and Val should be considered as equally 
second limiting along with Met, Trp and Thr for weaner pig diets. Furthermore, 
Lordelo  et  al.  (2008)  demonstrated  that  supplementation
  of  Val  alone,  or  in 
combination with Ile, to a lower protein
 diet with adequate levels of Lys, Met, Thr, 
and Trp was necessary to achieve equivalent growth when dietary crude protein 
content was linearly reduced from 200 g/kg to 170 g/kg. 
 
An ETEC challenge model that caused moderate diarrhoea was chosen in this 
study  because  production  responses  in  a  commercial  setting,  where  newly-
weaned pigs are exposed to a considerable biological challenge, are most likely 
different to those found in the cleaner environment of an experimental research 
facility.  The  presence  of  haemolytic  E.  coli  in  faecal  samples  increased 
significantly  in  the  ETEC-challenged  pigs  compared  to  their  non-challenged 
counterparts. The significant main effect of infection on faecal E. coli score was 
evident only on days 5 and 7, and the score returned to pre-infection level on day 
10. This short-term effect of experimental ETEC infection on faecal E. coli score 
is comparable to previous reports (Madec et al., 2000; Montagne et al., 2004; 
Wellock et al., 2008a), and demonstrated that induction of sub-clinical PWD was 
successfully  achieved.  Infection  with  ETEC  significantly  depressed  ADG  and 
FCR  in  the  28-day  measurement  period  without  reducing  ADFI,  which  is  in 
agreement with the work of Wellock et al. (2008b).     106 
The  PUN  and  faecal  NH3-N  levels  were  measured  in  plasma  and  faeces, 
respectively, as markers of microbial protein fermentation or protein utilisation 
efficiency (Chen et al., 1995; Coma et al., 1995), or both. Feeding lower levels of 
dietary crude protein reduced concentrations of both PUN and faecal NH3-N at 7 
and 14 days after weaning, in accordance with other work (Hansen et al., 1993; 
Bikker et al., 2006; Nyachoti et al., 2006; Yue and Qiao, 2008). Higher levels of 
faecal  NH3-N  in  the  HP14-fed  pigs  presumably  reflected  the  quantitatively 
greater entry of proteinaceous material into the distal GIT, given the lack of any 
difference  in  feed  intake  between  treatments.  The  concentration  of  PUN  can 
increase  due  to  increased  microbial  production  of  NH3-N  and  its  subsequent 
diffusion into the portal blood system and conversion to urinary N via the urea 
cycle in the liver (Younes et al., 1998), or to inefficiencies associated with either 
an imbalance or excess of essential AA available for tissue protein synthesis, or to 
a  combination  of  all  factors.  Absorbed  AA  in  excess  of  those  needed  for 
biosynthesis  cannot  be  stored  and  undergo  inevitable  catabolism  with  the 
production of urea (Moughan, 1999), and can be involved in various metabolic 
pathways such as gluconeogenesis (Linder, 1991). In addition, work by Jeaurond 
et  al.  (2008)  demonstrated  that  pigs  fed  a  diet  containing  higher  levels  of 
fermentable  protein  showed  increased  blood  urea  nitrogen  levels  compared  to 
their counterparts (1.29% vs. 0.55%, fermentable protein, respectively) despite no 
difference in the dietary protein level (219 g/kg vs. 202 g/kg CP, respectively).  
 
It  was  not  possible  in  my  study  to  reconcile  the  contribution  of  microbially-
derived  NH3-N  versus  that  derived  from  post-absorptive  AA  metabolism, 
however the lack of any difference in FCR attributable to protein level (Table 5.4) 
and greater faecal NH3-N levels (Table 5.3) in pigs fed a HP diet suggests that 
higher  PUN  levels  in  HP14-fed  pigs  might  be  predominately  of  fermentative 
origin in the GIT.  
 
In this light, PUN and NH3-N have been suggested as biomarkers for intestinal 
health  in  the  post-weaning  period  (Bikker  et  al.,  2006;  Nyachoti  et  al,  2006; 
Awati et al., 2007). Indeed, nitrogenous end-products such as NH3-N can irritate 
mucosal  surfaces  of  the  colon  (Visek,  1984;  Lin  and  Visek,  1991)  and  small 
intestine (Nousiainen, 1991; Nabuurs et al., 1993). Fermentation of protein is   107 
most  pronounced  in  the  distal  large  GIT  where  carbohydrate  can  become  a 
limiting  factor  for  microbial  fermentation,  and  is  accompanied  by  increased 
production of BCFA (predominately from Val, Leu and Ile; Macfarlane et al., 
1992),  ammonia,  indoles,  phenols,  amines  and  sulfuric-containing  compounds 
(Jensen, 2001). The concentrations of Val, Leu and Ile were 33%, 35% and 35% 
higher, respectively, in the HP diet compared with the LP diet and hence it was 
expected that feeding the HP diet would increase BCFA production. However the 
BCFA content was not influenced by protein level or infection. These data concur 
with those of Bikker et al. (2006), who reported that concentrations of BCFA in 
the ileum and colon of weanling pigs were not influenced by diet protein level 
(217 g vs. 153 g/kg). However, these data are in contrast to those of Nyachoti et 
al.  (2006),  who  reported  reduced  BCFA  levels  in  the  ileum  as  dietary  crude 
protein  decreased  from  228  g/kg  to  174  g/kg,  and  Htoo  et  al.  (2007),  who 
demonstrated a reduction in BCFA concentrations in the caecal digesta of early-
weaned pigs fed a diet lower in crude protein (255 g/kg vs. 199 g/kg).  
 
There are a number of possible reasons for this disparity between studies. First, 
the  general  malaise  in  the  post-weaning  period  commensurate  with  disturbed 
physiological conditions in the GIT will differ due to differences in weaning age 
and hence intestinal digestive and absorptive capacity, differences in feed intake, 
and  differences  in  diet  AA  levels,  any  or  all  of  which  will  influence  BCFA 
production.  Furthermore,  and  because  only  faecal  measures  were  made,  it  is 
difficult to reconcile these data considering that the concentration of BCFA in the 
faeces  simply  reflects  their  relative  rates  of  production  and  absorption  more 
anterior  in  the  large  intestine.  A  second  possible  confounding  factor  when 
assessing acid production in the GIT is the contribution of fibre, since it is known 
that VFA production is influenced by many factors including the carbohydrate 
content and composition and retention time in the GIT (Pluske et al., 2001). In 
the present study, the lower production of VFA in pigs fed the LP diets was most 
likely a consequence of reduced intake of non-starch polysaccharides (Table 5.1 
and 5.2) compared to pigs fed the HP diet, which arose as a consequence of the 
difference in diet formulation to achieve the desired energy and AA levels. This 
difference  had  disappeared  by  day  14  where  it  was  observed  that  piglets 
challenged with E. coli produced less VFA than their non-challenged counterparts.   108 
Pigs fed the HP diet had a significantly higher incidence of PWD in the 2 week 
after  weaning,  and  the  flow  of  digesta  into  the  large  intestine  presumably 
increased the amount of substrate available for fermentation that then increased 
VFA levels, compared with LP-fed pigs.  
 
Infection with ETEC did not alter PUN concentrations but increased the faecal 
NH3-N  content.  Infection  with  ETEC  can  reduce  digestion  and  nutrient 
absorption in the small intestine by causing villous atrophy and hence reducing 
net  absorption  (Nabuurs,  1995).  Therefore,  a  greater  absolute  amount  of 
undigested N would presumably have been available for microbial fermentation 
in the large intestine attributable to ETEC infection. This notion is supported by 
the significantly lower FCR ratio in ETEC-infected pigs, although part of the 
reduction  could  be  due  to  the  metabolic  expense  associated  with  immune 
stimulation (Stahly, 1996; Van der Klis and Jansman, 2002). 
 
In accordance with previous workers (e.g., Ball and Aherne, 1987), feeding a diet 
lower  in  crude  protein  reduced  the  incidence  of  PWD  commensurate  with 
increased  faecal  DM  content  in  non-infected  pigs,  although  effects  were  less 
consistent  in  the  initial  week  after  weaning  because  an  interaction  occurred 
between  feeding  regimen  and  ETEC  infection.  In  this  case,  although  feeding 
regimen had no effect in the non-infected pigs, feeding a LP diet significantly 
reduced PWD in their challenged counterparts. Piglets were infected per os on d 
3, 4, and 5, and it generally takes 48-72 hours for the GIT to become colonized 
with ETEC (Owusu-Asiedu et al., 2003). The period between 4 and 9 days after 
weaning  is  regarded  as  the  time  when  maximum  colonization  of  the  small 
intestine occurs with ETEC, however it was evident that pigs fed a LP diet had 
less PWD in the total 14 days after weaning compared with piglets fed a HP diet, 
irrespective of ETEC infection. 
 
Feeding a LP diet did not reduce shedding compared to pigs fed other diets when 
this  was  calculated  at  days  5,  7  and  also  over  the  total  14-day  period  after 
weaning. In addition, and when all 71 pigs were used in a Pearson correlation 
analysis, significant but weak positive relationships were observed between first, 
the E. coli score and the incidence of PWD both averaged from days 1-7 after   109 
weaning (r = 0.598, P<0.001), and second, the E. coli score and the incidence of 
PWD  both  averaged  from  days  1-14  after  weaning  (r  =  0.477,  P<0.001).  No 
significant correlation existed between these two measures from days 8-14 after 
weaning.  Nevertheless,  some  workers  have  not  been  able  to  establish  such 
relationships  suggesting  that  PWD  after  weaning  is  not  always  necessarily 
associated with an E. coli infection. Work by Callesen et al. (2007), for example, 
showed  no  correlation  between  the  number  of  antibiotic  treatments  given  for 
diarrhoea and the degree of faecal shedding of E. coli by the same pigs. Adhesion 
of ETEC to receptors in the epithelium causes fluid and electrolyte secretion into 
the GIT and, coupled to a lack of ability to reabsorb the fluid and electrolytes 
(Nabuurs,  1998),  could  cause  an  osmotically  active  protein  load  entering  the 
large intestine to exacerbate the extent of PWD observed. 
 
5.5 Conculsions 
In conclusion, the present experiment demonstrated that with a moderate E. coli 
challenge,  feeding  a  LP  diet  with  Val  and  Ile  for  7  days  only  after  weaning 
reduced the incidence of PWD commensurate with reduced indices of protein 
fermentation, and did not compromise the production of pigs. The LP diets fed in 
the present study did not contain any antimicrobial compounds, and confirm the 
notion  that  such  a  strategy  is  warranted  in  situations  where  feeding  of 
antimicrobial compounds is either restricted, not permitted or ineffectual due to 
antimicrobial resistance. 
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Feeding a diet with a reduced protein level reduces 
nitrogen content in the gastrointestinal tract and post-
weaning diarrhoea, but does not affect apparent nitrogen 
digestibility, in pigs challenged with an enterotoxigenic 
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Abstract  Although  feeding  a  lower  protein  diet  consistently  reduced  PWD 
commensurate  with  a  reduction  in  protein  fermentation  indices  in  the  large 
intestine (Chapters 3, 4 and 5), the precise mechanisms for these effects need to 
be explored further. The present study was conducted to evaluate in more detail 
how the low protein diet reduces PWD, and therefore the hypotheses tested were 
that feeding a low protein diet would (і) maintain comparable N digestibility at 
the terminal ileum, and hence decrease intestinal flow of dietary origin-N and (іі) 
decrease protein fermentation indices in the large intestine, and hence reduce the 
risk of the PWD. Forty eight male pigs weaned at 21 days with initial BW of 6.9 
±  0.11  (mean  ±  SEM)  were  used  in  a  2  ￿  2  ￿  2  factorial  arrangement  of 
treatments  with  the  respective  factors  being  (i)  2  dietary  protein  levels  [high 
protein (HP) 239 g/kg vs. low protein (LP) 190 g/kg CP)]; (ii) without and with 
an ETEC challenge (1.84 ￿ 10
8 colony-forming units/mL, serotype O149; K91;   111 
K88)  at  72,  96,  and  120  hours  after  weaning;  and  (iii)  time  of  feeding  after 
weaning (T; 7 days vs. 14 days after weaning). The LP diet was fortified with 
crystalline  AA  including  Ile  and  Val  to  achieve  an  ideal  AA  pattern.  This 
experiment  lasted  for  2  weeks  but  pigs  were  euthanased  at  the  end  of  each 
feeding regimen for harvesting of digesta material and organs. No antimicrobial 
compounds were added to the diet. Feeding a LP diet decreased total N intake, 
ileal dietary-origin N flow, PUN and NH3-N contents at the ileum plus all sites of 
the large intestine (P<0.05 - P<0.001), but did not alter (P>0.05) the apparent 
ileal digestibility (AID) of N and AA at either day 7 or day 14, except for Ser 
which was lower in pigs fed a LP diet (P<0.001). Feeding a HP diet increased the 
incidence of PWD, and ETEC infection (I) increased PWD only in pigs fed a HP 
diet (protein level ￿ I interaction, P<0.05). Pigs fed a HP diet had higher PWD 
at  day  7  after  weaning  but  not  at  day  14  after  weaning  (protein  level  ￿  T 
interaction,  P<0.05).  The  ETEC  infection  increased  (P<0.001)  faecal  E.  coli 
score compared with non-infected pigs, and decreased AID of AA only at day 7 
(I ￿ T interaction, P<0.05 - P<0.001) (i.e., Arg, His, Ile, Lys, Met, Thr, Val, Ala, 
Glu, Ser and Tyr). Feeding a LP diet reduced the molar proportion of BCFA in 
the caecum and proximal colon (P<0.001 and P<0.05, respectively), but the total 
VFA concentrations in all sites of the large intestine were not affected by protein 
level (P>0.05). Feeding a LP diet decreased the pH at the jejunum and ileum 
(P<0.05 and P<0.01, respectively), and the ETEC infection increased the pH at 
the  caecum  and  proximal  colon  only  at  day  7  (I  ￿  T  interaction,  P<0.05). 
Feeding a LP diet did not alter digestive tract weight, and the ETEC infection 
adversary affected the proportional weight of digestive tract only at day 7 (I ￿ T 
interaction, P<0.01). The protein level did not alter small intestinal morphology 
and  growth.  These  results  indicate  that  feeding  a  LP  diet  immediately  after 
weaning reduces the flow of N of dietary origin into the large intestine, thereby 
decreasing  protein  fermentation  and  PWD  without  altering  apparent  AA 
digestibility at the ileum. 
 
Key Words: E. coli, infection, intestinal characteristics, low-protein, pigs, post-
weaning diarrhoea 
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6.1 Introduction 
In Chapters 4 and 5 of my thesis, I presented evidence that the incidence of PWD 
in  piglets  fed  a  lower-protein  amino-acid  supplemented  diet,  as  opposed  to 
piglets  fed  a  higher-protein  content  diet,  was  reduced  commensurate  with 
reductions in selected indices of protein fermentation in the large intestine, seen 
characteristically  as  lower  concentrations  of  PUN  and  faecal  NH3-N. 
Furthermore, I showed that feeding a low protein diet for either 7 days or 14 days 
after weaning decreased the incidence of PWD in both infected and non-infected 
pigs commensurate also with decreased indices of protein fermentation in the 
large intestine, although it was evident that feeding a low protein diet for as little 
as 7 days was sufficient to reduce PWD. 
 
Numerous  authors  have  also  demonstrated  previously  (Nyachoti  et  al.,  2006; 
Wellock et al., 2006; Htoo et al., 2007; Yue and Qiao, 2008; Opapeju et al., 2008, 
2009) that feeding a low protein diet reduces PWD associated with reductions in 
indices of protein fermentation in the GIT. I have shown previously that total 
feed  intake  after  weaning  is  not  different  between  pigs  fed  diets  of  different 
protein contents (Tables 4.8 and 5.6), however pigs eating a lower protein diet 
would have a reduced quantity of protein entering the caecum through the ileo-
caecal sphincter, that in turn most likely explains the decreased indices of protein 
fermentation  and  PWD  I  have  shown.  Surprisingly  and  to  my  knowledge, 
however, there are no data showing this effect.  
 
In this regard, the current experiment tested the hypotheses that feeding a low 
protein diet supplemented with crystalline Ile and Val to maintain an ideal AA 
pattern would first, cause a comparable N digestibility at the terminal ileum and 
hence decrease the intestinal flow of dietary origin-N, and second, such a diet 
would  decrease  protein  fermentation  indices  in  the  large  intestine  thereby 
reducing the risk of PWD. Furthermore, this experiment offered an opportunity 
to examine the effects of infection with ETEC on apparent digestibility of AA 
measured at the terminal ileum. 
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6.2 Materials and Methods 
This  study  was  reviewed  and  approved  by  the  Murdoch  University  Animal 
Ethics  Committee  (R2094/07).  Animals  were  cared  for  according  to  the 
Australian  Code  of  Practice  for  the  Care  and  Use  of  Animals  for  Scientific 
Purposes (CSIRO, 2008). 
 
6.2.1 Experimental design 
The  experiment  was  designed  as  a  2  ￿  2  ￿  2  factorial  arrangement  of 
treatments (n = 6), with the respective factors being: (і) 2 dietary protein levels 
[high protein (HP); 239 g/kg vs. low protein (LP) 190 g/kg], (ii) without and 
with challenge of an enterotoxigenic strain of E. coli (ETEC; serotype O149; 
K91; K88), and (ііі) time of feeding after weaning (T; 7 days vs. 14 days after 
weaning). Experimental diets were fed for 7 days or 14 days in accordance with 
Chapter 5, to examine whether such a diet could be fed for a shorter period after 
weaning and achieve the same effects, and also investigate the effects of time of 
feeding after weaning on protein digestion in the GIT. The experiment lasted for 
2  weeks,  but  pigs  were  euthanased  at  the  end  of  each  feeding  regimen  for 
harvesting of digesta material and organs.  
 
6.2.3 Animals, housings and diets 
Forty-eight male pigs (Large White ￿ Landrace) aged 21 days and weighing 6.9 
± 0.11 kg  (mean ± SEM) were used. Pigs  were obtained from a commercial 
supplier  (Wandalup  Farms  Ltd.,  Mandurah,  WA,  Australia)  on  the  day  of 
weaning  and  transported  to  the  experimental  facility  at  Murdoch  University, 
where each pen was equipped with a nipple bowl drinker and a metal through. 
Pigs were allocated to their experimental feeding regimen based on initial BW 
and block within the room in the animal facility. This facility contains 2 rooms 
that allowed infected and non-infected pigs to be housed separately to avoid any 
cross contamination (after Ding et al, 2006), and to encourage proliferation of the 
ETEC  within  an  infected  pen  by  oral-faecal  transmission.  Infected  and  non-
infected pigs were separately housed in rooms with 8 pens of 3 pigs each (space 
allowance of 0.88 m
2 per pig and a feeder space allowance of 7.8 cm per pig).  
The pigs were offered their respective experimental diets ad libitum for 2 weeks.   114 
Cleaning  and  feeding  schedules  were  implemented  to  ensure  that  movement 
between rooms was conducted in the order from non-infected to infected groups.  
 
Diets were formulated to contain a similar DE and NDF contents but a different 
protein level (see Table 6.1 and 6.2), and were formulated using standardised 
ileal digestible AA contents (Sauvant et al., 2004). All diets were formulated to at 
least contain an ideal pattern of ileal digestible AA (Chung and Baker, 1992). 
Crystalline  AA  (Lys,  Met,  Trp  and  Thr)  were  added  to  the  LP  diets,  with 
crystalline Ile and Val to achieve the ideal pattern of essential AA (Chung and 
Baker, 1992). All diets were fed in mash form. Diet composition and nutrient 
contents of the experimental diets are presented in Tables 6.1 and 6.2. The ambie
nt temperature was maintained at 29 ± 1°C for the initial week, and then decrease
d by 2°C in the second week. Feed intake was recoded on a weekly basis as feed 
disappearance from the feeder.   115 
Table 6.1 Composition and calculated analysis of the experimental diets (g/kg, 
as-fed basis) 
Item  Diet
1 
Ingredients, g/kg  HP  LP 
Wheat   330.2  444.4 
Barley   200.0  200.0 
Soybean meal  200.0  76.6 
Canola meal  100.0  47.7 
Oat groats  50.0  106.0 
Fishmeal   42.6  20.0 
Whey  50.0  67.2 
Canola oil  5.0  5.0 
Dicalcium Phosphate  9.1  11.9 
Limestone  10.1  8.3 
Salt  1.0  1.0 
Vitamin/Mineral premix
2  1.0  1.0 
L-Lys    5.1 
DL-Met    1.6 
L-Thr    2.0 
L-Trp    0.1 
L-Ile    0.5 
L-Val    0.6 
Titanium dioxide (TiO2, marker)
3  1.0  1.0 
     
Calculated analysis     
Crude protein, g/kg  240.0  180.0 
DE, MJ/Kg  14.1  14.1 
SID Lys, g/MJ DE
4  0.82  0.80 
Starch, g/kg  323.7  372.1 
 
Calculated standardised ileal digestible AA content, g/kg 
Essential AA     
Arg  13.5  8.6 
His  5.3  3.6 
Ile  9.1  6.8 
Leu  15.8  11.3 
Lys  11.5  11.3 
Met  3.7  4.2 
Phe  9.7  6.9 
Thr  7.8  7.3 
Trp  2.7  2.0 
Val  10.0  7.7 
Non-essential AA     
Ala  8.6  5.7 
Asp  17.7  11.0 
Glu  44.4  34.7 
Gly  9.1  6.1 
Pro  13.4  11.7 
Ser  9.5  6.8 
1HP: high protein diet, LP: low protein diet 
2Provided the following nutrients (per kg of air-dry diet): 
Vitamins: A 7000 IU, D3 1400 IU, E 20 mg, K 1 mg, thiamine 1 mg, riboflavin 3 mg,   116 
pyridoxine 1.5 mg, cyanocobalamin 15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 
mg, niacin 12 mg, biotin 30 µg. Minerals: Co 0.2 mg (as cobalt sulphate), Cu 10 mg(as 
copper sulphate), iodine 0.5 mg (as potassium iodine), iron 60 mg (as ferrous sulphate), 
Mn 40 mg (as manganous oxide), Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc 
oxide). (BJ Grower 1, BioJohn Pty Ltd., WA, Australia). 
3Titantium dioxide (TiO2; Sigma Chemical Company, St. Louis, MO, USA) 
4SID: standardised ileal digestible 
 
Table 6.2 Analysed composition (g/kg, as-fed basis) of the experimental diets 
Diet
1 
Item 
HP  LP 
DM, g/kg  922.0  919.0 
Crude protein, g/kg  239.0  190.0 
GE, MJ/kg DM  17.3  16.9 
Crude fibre, g/kg  38.0  30.0 
NDF, g/kg  133.0  120.0 
ADF, g/kg  65.0  59.0 
 
Essential AA, g/kg 
Arg  12.7  7.7 
His  5.4  3.5 
Ile  8.9  6.2 
Leu  15.2  10.3 
Lys  11.6  10.2 
Met  3.0  2.8 
Phe  9.4  6.4 
Thr  8.2  6.5 
Val  10.4  7.4 
Non-essential AA, g/kg 
Ala  9.6  6.2 
Asp  18.2  11.0 
Glu  41.3  31.9 
Gly  9.7  6.4 
Pro  13.3  10.4 
Ser  9.5  6.4 
1HP: high protein diet, LP: low protein diet 
 
6.2.4 Infection procedure 
Experimental infection with the ETEC was conducted at 76, 96 and 120 hours 
after weaning using the procedures described previously (Chapter 2.4). Each pig 
in the infection group received 8 mL of freshly prepared broth for the respective 
time-set, providing 1.84 ￿ 10
8 colony-forming units/mL of ETEC per pig per 
day. 
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6.2.5 Post-mortem procedures 
Pigs  were  transported  a  distance  of  approximately  200  metres  from  the 
experimental facility to a necropsy room. All pigs were euthanased at the end of 
each feeding regimen on days 7 and 14 after weaning. A total of 24 pigs were 
euthanased each day, according to procedures described in Chapter 2.8. 
 
6.2.6 Mucosal histology 
For measurement of villous height and crypt depth, a 10-cm segment of the small 
intestine was removed  at each of the duodenum (5 cm cranial to the pyloric 
sphincter), jejunum (approximately midway along the small intestine) and ileum 
(5 cm cranial to the ileo-caecal junction). Tissue preparation and methods for 
microscopic  measurements  were  conducted  following  standard  histological 
procedures described in Chapter 2.9. 
 
6.2.7 Collection of blood and intestinal contents and measuring pH at post-
mortem 
Blood  and  intestinal  contents  were  collected  on  days  7  and  14  from  all 
euthanased pigs. Detailed procedures of blood sampling are described in Chapter 
2.7. The blood samples were immediately placed on ice and then centrifuged at 
2,000 ￿ g for 10 minutes at 5°C. Plasma was stored at -20°C until analysed for 
PUN. Digesta samples from all pigs were collected into a mixing container from 
each  section  of  the  GIT,  and  thereafter  well-mixed  digesta  samples  were 
collected into sample jars. Fresh digesta samples were immediately stored at -
20ºC until analysed for VFA and NH3-N. The pH of digesta in the GIT was 
measured immediately after removal of digesta by directly inserting the electrode 
of  a  portable  pH  meter  (Schindengen  pH  Boy-2,  Schindengen  Electric  MFG, 
Tokyo, Japan) into the collected samples. 
 
6.2.8 Faecal consistency score and the incidence of PWD  
Faeces  were  visually  assessed  daily  for  2  weeks  after  weaning  to  determine 
faecal consistency scores and the incidence of  PWD. Faecal consistency  was 
determined  using  procedures  described  in  Chapter  2.5.  A  faecal  consistency 
score of either 4 or 5 was considered as clinical diarrhoea (after McDonald et al.,   118 
2001). Methods for expression of faecal consistency and the incidence of PWD 
are described in Chapter 2.5. 
 
6.2.9 Shedding of β-haemolytic E. coli 
Shedding of β-haemolytic E. coli was measured upon arrival and then on days 3, 
5, 7, 10, 12 and 14 after weaning for all pigs. Details of procedures used to 
measure faecal shedding of β-haemolytic E. coli are described in Chapter 2.5. 
 
6.2.10 Chemical analyses 
The  VFA,  AA,  PUN,  NH3-N,  DM,  N,  NDF,  ADF,  GE,  and  apparent  ileal 
digestibility (AID) of AA and N at days 7 and 14, were measured as described 
previously (Chapter 2.10). 
 
6.2.11 Statistical analyses 
Data were subjected to the GLM procedure of SPSS (version 16.0, SPSS Inc., 
Chicago, Illinois, USA) with the main effects being (і) dietary protein level (HP 
vs. LP), (іі) challenged or non-challenged with ETEC and (ііі) time of feeding 
after  weaning  (7  days  vs.  14  days  after  weaning).  The  individual  pig  was 
considered  as the experimental unit for all measurements except performance 
indices in which a pen was the experimental unit. The main effects were assessed 
by least-squares analysis and a 3-factor linear model with all interactions was 
used to evaluate responses. Block was used as a random factor in the model for 
all  measured  experimental  variables.  Data  for  the  incidence  of  PWD  were 
expressed as the mean percentage of days with diarrhoea relative to the first 14 
days after weaning (Mateos et al., 2006). Initial BW was used as a covariate for 
growth  data.  Statistical  significance  was  accepted  at  P<0.05.  Pair-wise 
comparisons between means were made using Fisher’s-protected LSD test when 
appropriate. 
 
6.3 Results 
6.3.1 N digestibility, N contents and PUN in the GIT 
Feeding a LP diet decreased (P<0.05 - P<0.001) total N intake, ileal dietary-  119 
origin N flow and NH3-N content along the GIT without altering the AID of N 
(P>0.05) both at 7 days and 14 days after weaning. Although ETEC infection 
decreased (P<0.05) the overall AID of N, feeding a LP diet consistently reduced 
(P<0.05  -  P<0.001)  ileal  N  flow  and  ileal  to  rectal  NH3-N  contents  in  both 
infected and non-infected pigs. Regardless of the ETEC infection and time of 
feeding after weaning, feeding a LP diet reduced (P<0.001) PUN level. There 
were no 2- or 3-way interactions (Table 6.4). 
 
6.3.2 Faecal consistency, incidence of PWD and faecal E. coli score 
Effects of protein level, ETEC infection (I) and time of feeding after weaning (T) 
on  faecal  consistency,  the  incidence  of  PWD  and  faecal  E.  coli  score  are 
presented  in  Table  6.4.  The  ETEC  infection  increased  faecal  consistency 
(P<0.001) (i.e., faeces were looser), PWD (P<0.01) and the faecal E. coli score 
(P<0.001).  Pigs  fed  a  LP  diet  consistently  showed  a  reduction  in  faecal 
consistency (P<0.01) (i.e., faeces were firmer) and a lower incidence of PWD 
(P<0.05)  for  the  2-week  period  after  weaning.  However,  the  ETEC  infection 
increased PWD only in pigs fed a HP diet (protein level ￿ I interaction, P<0.05) 
and feeding a HP diet increased the incidence of PWD at day 7 only (protein 
level ￿ T interaction, P<0.05). 
 
6.3.3 Apparent ileal AA digestibility 
The AID of AA in response to protein level, ETEC infection and time of feeding 
after weaning are presented in Table 6.5. The AID of AA was not affected by 
alteration of dietary protein levels, although feeding a LP diet decreased the AID 
of Ser (P<0.001). The ETEC infection significantly decreased the AID of all AA 
(P<0.05 - P<0.001). Although infection reduced the AID of Arg, His, Ile, Lys, 
Met, Thr, Val, Ala, Glu, Ser and Tyr at day 7 after weaning, the difference had 
disappeared at day 14 (I ￿ T interactions, P<0.05 - P<0.001).    120 
Table 6.3 Effect of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on apparent ileal digestibility 
(AID) of, N, ileal N flow, PUN and NH3-N contents in the GIT 
Non-Infected  Infected  P-value
2,3 
HP  LP  HP  LP  Item 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1 
PL  I  T 
Total dietary N intake
4,5, g/d  53  118  43  95  51  122  41  97  4.7  ***  NS  *** 
AID, %  56  65  53  62  47  60  46  58  1.5  NS  *  *** 
Ileal dietary origin-N flow
5,6, g/d  26  41  23  36  32  45  27  40  1.6  *  *  *** 
PUN, mmol/L  5.8  4.8  2.4  1.4  4.7  5.6  2.0  1.5  0.15  ***  NS  NS 
 
NH3-N, mg/kg  
Ileum  47  57  32  38  55  65  35  43  1.9  ***  *  *** 
Caecum  113  199  77  122  183  248  125  176  12.4  **  *  ** 
Proximal colon  273  350  186  233  362  406  246  289  11.5  ***  ***  *** 
Distal colon  318  413  271  318  389  449  330  387  13.2  **  *  ** 
Rectum  376  452  327  385  429  489  390  412  12.3  *  *  * 
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
32- or 3-way interactions were not significant (P>0.05) 
4Total dietary N intake was calculated based on ADFI and protein level 
5Calculated on pen basis
  
6Ileal N flow of dietary origin was calculated based on daily N intake and the apparent ileal N digestibility 
Abbreviations are; HP = high protein, LP = low protein diet, PL = protein level, I = infection, T = time of feeding after weaning   121 
6.3.4 VFA concentrations and molar proportion of BCFA in the GIT 
The PL did not alter the total VFA concentrations at all sites of the large intestine 
(P>0.05), however feeding the LP diet decreased the molar proportion of BCFA 
in the caecum and proximal colon (P<0.001 and P<0.05, respectively). The total 
VFA concentrations in all sites of the large intestine were increased at day 14 
after weaning compared with the values at day 7 after weaning (P<0.001). The 
ETEC infection decreased the total VFA only at day 7 but not at day 14 after 
weaning (I ￿ T interaction, P<0.05) in the caecum and proximal colon (Table 
6.6). 
 
6.3.5 pH of intestinal digesta  
Feeding  a  LP  diet  reduced  the  pH  of  jejunual  and  ileal  digesta  (P<0.05  and 
P<0.01,  respectively).  The  ETEC  infection  increased  the  pH  of  caecal  and 
proximal colonic digesta at day 7 after weaning but did not affect pH at day 14 
after weaning (I ￿ T interactions, P<0.05 and P<0.01, respectively) (Table 6.7).  
 
6.3.6 Physical characteristics of the digestive tract  
Pigs had a heavier and longer GIT at day 14 after weaning than at day 7 after 
weaning  (Table  6.8,  P<0.01  -  P<0.001).  The  ETEC  infection  decreased  the 
weight and length of the GIT, and that of the EBW (P<0.05 - P<0.01). However, 
infection with ETEC negatively influenced the  weight of the empty stomach, 
empty caecum, full small intestine, full large intestine and length of the large 
intestine only at day 7 after weaning (I ￿ T interaction, P<0.05).  
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Table 6.4 Effects of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on faecal consistency, PWD 
and faecal E. coli scores in the 2-week period after weaning 
Non-Infected  Infected  P-value
2,3 
HP  LP  HP  LP  Item
 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1 
PL  I  T  PL ￿ I  PL ￿ T  I ￿ T 
Faecal consistency 
4, %  32.2  33.3  29.7  34.0  44.7  41.3  37.3  38.9  0.40  **  ***  NS  †  NS  NS 
PWD
5, %  1.2
a 
x
  0.0
a 
x
  0.0
a 
x
  2.4
a 
xy
  7.1
c 
z
  3.6
b 
y
  1.2
a 
x
  1.2
a 
x
  0.44  *  **  NS  *  *  NS 
Faecal E. coli score
6  0.3  0.4  0.2  0.4  0.7  0.7  0.7  0.8  0.03  NS  ***  †  NS  NS  NS 
abcMeans in the same row with different superscripts differ in PL ￿ I (P<0.05)
 
 xyzMeans in the same row with different subscripts differ in PL ￿ T (P<0.05) 
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
33-way interactions were not significant (P>0.05) 
4Faecal consistency was expressed as % cumulative score per day of pigs having more liquid faeces; higher values are associated with more liquid faeces 
5A faecal consistency score of either 4 or 5 represented pigs with PWD, which observed during 14 days after weaning, is expressed as the mean percentage of 
days with diarrhoea relative to the total 14 days after weaning. Data are mean values per treatment combination assessed between days 1-14 
6Faecal E. coli score was assessed by growth of β-haemolytic E. coli, where 0 = no growth, 1 = E. coli in first section, and so on (5 = heaviest growth of β-
haemolytic E. coli) 
Abbreviations; refer to Table 6.3 
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Table 6.5 Effect of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on AID of AA 
Non-Infected  Infected  P-value
2,3 
HP  LP  HP  LP  Item 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1 
PL  I  T  PL ￿ I  PL ￿ T  I ￿ T 
Essential AA, %                      
Arg  70.3
b  76.6
a  69.4
b  75.3
a  66.5
c  75.1
a  65.2
c  74.1
a  1.64  †  ***  ***  NS  NS  * 
His  56.7
b  67.3
a  55.3
b  66.2
a  51.8
c  68.2
a  51.8
c  67.2
a  1.12  NS  ***  ***  NS  NS  * 
Ile  60.3
b  74.9
a  61.6
b  71.7
a  53.9
c  71.4
a  52.9
c  70.2
a  1.21  NS  ***  ***  NS  NS  *** 
Leu  61.7  77.4  60.7  75.5  58.7  72.2  59.0  72.9  1.19  NS  **  ***  NS  NS  NS 
Lys  60.9
b  75.0
a  59.4
b  73.1
a  56.3
c  73.2
a  56.6
c  73.3
a  1.17  NS  ***  ***  †  NS  ** 
Met  61.0  72.3  60.4  70.9  56.5  71.2  56.5  69.8  1.97  NS  ***  ***  NS  NS  ** 
Phe  62.5  75.1  61.5  73.6  58.6  72.6  56.5  72.7  1.09  NS  ***  ***  NS  NS  † 
Thr  59.4
b  71.9
a  58.8
b  71.4
a  52.8
c  71.8
a  48.7
c  70.6
a  1.39  NS  ***  ***  NS  NS  *** 
Val  59.2
b  71.6
a  58.9
b  71.0
a  54.3
c  71.6
a  53.1
c  71.0
a  1.14  NS  ***  ***  NS  NS  *** 
               
Non-essential AA, %               
Ala  56.8
b  68.0
a  56.6
b  65.9
a  48.7
c  67.1
a  47.0
c  67.7
a  1.23  NS  ***  ***  NS  NS  *** 
Asp  50.3  66.9  50.0  65.6  46.8  64.8  47.0  64.8  1.32  NS  *  ***  NS  NS  NS 
Glu  68.1
b  76.1
a  67.3
b  74.6
a  62.6
c  76.5
a  61.1
c  74.6
a  1.91  †  ***  ***  NS  NS  *** 
Gly  49.6  70.4  49.4  69.0  46.3  69.7  46.1  68.1  1.61  NS  **  ***  NS  NS  NS 
Pro  56.3  72.5  54.9  70.3  53.6  71.0  51.5  70.1  1.31  †  *  ***  NS  NS  NS 
Ser  55.4
b  67.4
a  52.9
b  65.3
a  48.9
c  67.7
a  47.9
c  64.8
a  1.17  ***  ***  ***  NS  NS  *** 
Tyr  60.4
b  71.9
a  59.4
b  70.7
a  52.9
c  69.7
a  53.6
c  70.0
a  1.12  NS  ***  ***  NS  NS  *** 
abcMeans in the same row with different superscripts differ (P < 0.05)   
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
33-way interactions were not significant (P>0.05) 
Abbreviations; refer to Table 6.3   124 
Table 6.6 Effect of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on VFA concentration and the 
molar proportion of BCFA in the digesta collected along the GIT 
Non-Infected  Infected  P-value
2,3 
HP  LP  HP  LP  Item 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1 
PL  I  T  PL ￿ I  PL ￿ T  I ￿ T 
Caecal VFA, mmol/kg                    
Total   125
b  146
a  121
b  141
a  103
c  150
a  106
c  139
a  3.2  NS  *  ***  NS  NS  * 
BCFA
4, %  5.3  6.6  3.9  5.0  5.7  6.5  4.6  5.5  0.19  ***  NS  **  NS  NS  NS 
                               
Proximal colonic VFA, mmol/kg                
Total   136
b  175
a  131
b  166
a  116
c  180
a  122
c  171
a  3.9  NS  NS  ***  NS  NS  * 
BCFA, %  6.0  6.5  5.4  5.6  6.1  6.6  5.5  5.8  0.16  *  NS  NS  NS  NS  NS 
               
Distal colonic VFA, mmol/kg                    
Total   106  144  103  142  113  141  106  143  3.2  NS  NS  ***  NS  NS  NS 
BCFA, %  6.5  6.9  6.6  6.5  6.4  7.1  5.8  6.4  0.24  NS  NS  NS  NS  NS  NS 
               
Rectal VFA, mmol/kg                    
Total   113  145  112  141  115  152  114  146  3.4  NS  NS  ***   NS  NS  NS 
BCFA, %  6.2  6.6  6.2  6.4  6.4  6.9  6.1  6.5  0.17  NS  NS  NS  NS  NS  NS 
abcMeans in the same row with different superscripts differ (P < 0.05)   
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
33-way interactions were not significant (P>0.05) 
4Branched-chain fatty acids; molar proportion of isobutyic acid, isovaleric acids and valeric acid with respect to the total VFA. Valeric acid is considered to be 
associated with protein degradation from metabolism of AA (Macfarlane et al., 1992). 
Abbreviations; refer to Table 6.3   125 
Table 6.7 Effect of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on digesta pH collected along 
the GIT 
Non-Infected  Infected  P-value
2 
HP  LP  HP  LP  Item 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1 
PL  I  T  PL ￿ I  PL ￿ T  I ￿ T  PL ￿ I ￿ T 
pH 
Stomach  3.0  2.5  2.9  3.4  2.5  3.3  3.3  2.8  0.15  NS  NS  NS  NS  NS  NS  NS 
Duodenum  6.3  5.9  5.9  6.0  6.1  5.9  6.3  6.0  0.06  NS  NS  NS  NS  NS  NS  NS 
Jejunum  6.6
  6.7
  6.0
  6.6
  6.4
  6.5
  6.4
  6.1
  0.06  *  NS  NS  NS  NS  †  † 
Ileum  6.9
  6.8
  6.2
  6.6
  6.9
  7.1
  6.8
  6.4
  0.07  **  NS  NS  NS  NS  NS  † 
Caecum  5.6
b  5.5
b  5.4
b  5.5
b  6.0
a  5.4
b  6.1
a  5.6
b  0.07  NS  †  *  NS  NS  *  NS 
Proximal colon  5.9
b  5.6
b  5.7
b  5.6
b  6.2
a  5.5
b  6.5
a  5.7
b  0.05  NS  **  ***  †  NS  **  † 
Distal colon  6.9
  6.4  6.9  6.3  6.7  6.5  7.2  6.5  0.08  NS  NS  **  NS  NS  NS  NS 
Rectum  7.0  6.7  6.9  6.8  6.9  6.9  7.1  6.7  0.08  NS  NS  NS  NS  NS  NS  NS 
abcMeans in the same row with different superscripts differ (P<0.05) 
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
Abbreviations; refer to Table 6.3   126 
Table 6.8 Effect of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on empty BW and weight and 
length of the GIT 
Non-Infected  Infected  P-value
2 
HP  LP  HP  LP  Item 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1  PL  I  T  PL ￿ I  PL ￿ T  I ￿ T 
Final BW, kg  7.5  9.9  7.5  10.1  7.0  9.2  6.9  9.2  0.22  NS  ***  ***  NS  NS  NS 
EBW
4, kg  6.4  8.1  6.4  8.4  6.1  7.8  6.1  7.5  0.19  NS  **  ***  NS  NS  NS 
 
Proportion of EBW, % 
Stomach                                              
Full  3.3  4.1  3.4  4.1  3.1  4.7  3.2  4.3  0.17  NS  NS  **  NS  NS  NS 
Empty  1.1
b 
y
  1.2
a 
y
  1.0
b 
y
  1.1
a 
y  0.9
c 
z
  1.1
a 
y  0.9
c 
z
  1.2
a 
y  0.02  NS  **  ***  *  NS  * 
 
Small intestine 
Full  7.6
b  9.3
a  7.7
b  8.7
a  6.2
c  9.2
a  6.2
c  9.0
a  0.24  NS  †  ***  NS  NS  * 
Empty  5.5  6.9  5.5  6.5  4.6  6.3  4.7  6.6  0.15  NS  **  ***  NS  NS  NS 
 
Caecum 
Full  0.91  1.46  0.96  1.34  0.71  1.27  0.69  1.39  0.07  NS  NS  ***  NS  NS  NS 
Empty  0.29
ab  0.31
a  0.22
b  0.32
a  0.19
c  0.32
a  0.20
c  0.31
a  0.01  NS  *  ***  NS  NS  * 
 
Large intestine 
Full  4.4
b  5.4
a  4.6
b  5.3
a  3.8
c  5.5
a  3.6
c  5.4
a  0.13  NS  *  ***  NS  NS  ** 
Empty  1.6  2.3  1.6  2.3  1.3  2.3  1.3  2.2  0.07  NS  *  ***  NS  NS  NS 
 
Length, cm 
Small intestine  755  895  758  890  642  892  673  870  20.4  NS  †  ***  NS  NS  NS 
Large intestine  176
b  187
a  174
b  182
a  163
c  184
a  162
c  185
a  1.9  NS  *  ***  NS  NS  * 
abcMeans in the same row with different superscripts differ in PL ￿ I (P<0.05)
 
 yzMeans in the same row with different superscripts differ in I ￿ T (P<0.05)   127 
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
33-way interactions were not significant (P>0.05) 
4Empty BW calculated as liveweight of pig minus weight of GIT with its contents 
Abbreviations; refer to Table 6.3   128 
Table 6.9 Effect of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on intestinal morphology in 
weaner pigs 
Non-Infected  Infected  P-value
2,3 
HP  LP  HP  LP  Item 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1 
PL  I  T  PL ￿ I  PL ￿ T  I ￿ T 
Duodenum               
Villous height (µm)  418
b  573
a  415
b  568
a  375
c  579
a  380
c  571
a  13.4  NS  *  ***  NS  NS  ** 
Crypt depth (µm)  330  258  334  261  358  266  366  265  7.7  NS  †  ***  NS  NS  NS 
V:C
4  1.3  2.2  1.3  2.2  1.1  2.2  1.0  2.2  0.08  NS  †  ***  NS  NS  NS 
               
Jejunum               
Villous height (µm)  383  470  375  468  338  472  348  464  9.1  NS  †  ***  NS  NS  † 
Crypt depth (µm)  314  244  320  247  331  255  331  254  7.0  NS  NS  ***  NS  NS  NS 
V:C  1.2  1.9  1.2  1.9  1.0  1.9  1.1  1.8  0.06  NS  NS  ***  NS  NS  NS 
               
Ileum               
Villous height (µm)  351  433  347  439  314  436  320  431  8.8  NS  †  ***  NS  NS  NS 
Crypt depth (µm)  295  224  312  236  306  214  311  230  6.8  †  NS  ***  NS  NS  NS 
V:C  1.2  1.9  1.1  1.9  1.0  2.1  1.0  1.9  0.07  NS  NS  ***  NS  NS  † 
abcMeans in the same row with different superscripts differ (P<0.05)   
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
33-way interactions were not significant (P>0.05) 
4Villous height: crypt depth 
Abbreviations; refer to Table 6.3   129 
Table 6.10 Effects of dietary protein level, experimental ETEC infection (I) and time of feeding after weaning (T) on growth performance in the 
2-week period after weaning 
Non-Infected  Infected  P-value
2,3 
HP  LP  HP  LP  Item 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
1 
PL  I  T 
ADG, g/d 
days 1-7  86  87  91  95  -22  -22  -23  -25  10.9  NS  ***   NS 
days 8-14    390    353    310    309  12.3  NS  **    
days 1-14    239    224    144    142  11.4  NS  **    
                         
ADFI, g/d 
days 1-7  221  221  225  225  215  215  217  217  3.0  NS  NS  NS 
days 8-14    495    502    512    511  5.5  NS  NS   
days 1-14    358    363    363    364  3.4  NS  NS   
                         
FCR, g/g 
days 8-14    1.31    1.46    1.66    1.67  0.055  NS  **   
days 1-14     1.52     1.66     2.58     2.81  0.155  NS  ***   
1Pooled standard error of mean 
2Significance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01, *** P<0.001 
32- or 3-way interactions were not significant (P>0.05) 
Abbreviations; refer to Table 6.3   130 
6.3.7 Small intestinal morphology 
The protein level had no effect (P>0.05) on small intestinal morphology, while 
the  ETEC  infection  decreased  duodenal  villous  height  only  at  day  7  (I  ￿  T 
interaction, P<0.05). Pigs had longer villi and shorter crypts in all sites of the 
small intestine at day 14 compared with that at day 7 after weaning (Table 6.9, 
P<0.001). 
 
6.3.8 Performance  
The ETEC infection decreased (P<0.01 - P<0.001) ADG and FCR, but protein 
level had no effect on performance of pigs for the 2-week period after weaning 
(P>0.05). Neither protein level nor the ETEC infection altered ADFI (P>0.05) for 
the 2-week period after weaning (Table 6.10). 
 
6.4 Discussion 
The results of the present study supported my hypotheses that feeding a LP diet 
after weaning would not alter the AID of N, and therefore feeding a HP diet 
increased the ileal dietary origin-N flow at the terminal ileum as ADFI did not 
differ for the 2-week period after weaning. This means that greater amounts of 
dietary origin-N were available for bacterial fermentation in the distal GIT of pigs 
that received the HP diet. These data show that a reduction in the N content of the 
digesta entering the large intestine, and not a lowered AID of N, is implicated in a 
reduced incidence of PWD and decreased indices of protein fermentation. These 
findings are in agreement with work by Htoo et al. (2007) who demonstrated that 
the AID of crude protein was not affected by reducing the dietary crude protein 
content under conditions where a LP diet was supplemented with crystalline AA, 
including Ile and Val, to fulfil the ideal pattern of essential AA. In addition, a 
factor that should be considered for interpretation of the AID of N between the 
LP  and  HP  diets  is  the  level  of  dietary  fibre,  which  can  reduce  apparent 
digestibility at the terminal ileum through alteration of physical properties of the 
digesta  (Bikker  et  al.,  2006).  In  the  present  study,  however,  the  LP  diet  was 
anticipated to support equal AID of N and AA compared to the HP diet as the LP 
diet was formulated using standardised ileal digestible AA contents (Sauvant et   131 
al., 2004), it contained an ideal pattern of ileal digestible AA (Chung and Baker, 
1992), and there was a similar ADF: NDF ratio (i.e., 0.49 and 0.49) between diets. 
Consequently,  the  results  of  the  present  study  indicate  that  increased  dietary 
origin-N flow at the ileum of pigs fed a HP diet was due to greater amount of N 
in the HP diet but not due to a lower ileal digestibility of the LP diet or due to 
contribution of endogenous AA, as most of the endogenous N can be reabsorbed 
in the small intestine (Fuller and Reeds, 1998; Souffrant, 2001). 
 
Infection using an enterotoxigenic strain of E. coli significantly impaired the AID 
of N and AA, which in turn will have implications for the entry of protein into the 
large  intestine  and  also  for  growth.  My  data  showed  that  ETEC  infection 
decreased or tended to decrease villous height at all sites along the small intestine 
(Table  6.9,  P<0.05  -  P<0.1),  which  is  in  agreement  with  Cox  et  al.  (1988), 
amongst  others  (e.g.,  Hampson,  1986),  who  demonstrated  that  ETEC  caused 
villous  atrophy.  A  loss  of  enterocytes  in  the  small  intestine  can  explain  a 
reduction in either AID of N and AA digestion or absorption, or the combination 
of both, as it is known that villous atrophy is associated with decreased activities 
of  some  brush-border  enzymes  (Pluske  et  al.,  1997),  and  that  immature 
enterocytes release less digestive enzymes to hydrolyse dietary protein along with 
carbohydrates,  thereby  causing  either  less  digestion  or  absorption  of  ingested 
substrates (Patridge, 1995). 
 
The experimental ETEC infection used in this study was done to induce moderate 
sub-clinical diarrhoea in order to obtain data that are comparable to commercial 
practice, where significant bacterial loads often exist. The experimental ETEC 
infection  was  successfully  used  and  the  infected  pigs  showed  higher  faecal 
shedding of β-haemolytic E. coli, lower AID of N and AA, reduced production of 
total VFA in the GIT, depressed growth, higher faecal consistency and a higher 
incidence of PWD compared to non-infected pigs. The main effect of the ETEC 
infection was prevalent until the end of the first week, and all measured metabolic 
and physiologic responses mentioned above were returned to the pre-infection 
level in the second week (Tables 6.3, 6.4 and 6.6).  
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In response to the increased amount of dietary origin-N flow in the GIT of pigs 
receiving the HP diet, there were significantly increased amounts of NH3-N and 
PUN  concentrations  in  all  segments  of  the  GIT,  and  the  molar  proportion  of 
BCFA  in  the  caecum  and  proximal  colon  also  increased.  These  findings  are 
consistent with findings in other studies investigating the effects of a LP diet on 
protein behaviour in the GIT (Nyachoti et al., 2006; Wellock et al., 2006; Htoo et 
al., 2007; Wellock et al., 2008a). It is likely that the greater amount of dietary 
protein  promoted  proliferation  of  N  utilising  bacteria  and  hence  increased  N 
fermentation and the production of NH3-N in the GIT. Increased plasma urea N in 
pigs fed a HP diet would be a combined contribution from the increased NH3 
concentration that diffused into the portal blood system and was converted to urea 
N via the urea cycle in the liver (Younes et al., 1998), and (or) inefficient dietary 
protein utilisation caused by imbalanced dietary AA which are not used for body 
protein synthesis and other metabolic processes such as gluconeogenesis (Linder, 
1991). The contribution of endogenous N for production of the GIT NH3-N, PUN 
and BCFA is expected to be minimal (Bikker et al., 2006; Htoo et al., 2007). 
 
Dietary protein level did not affect production of VFA in the present study, in 
agreement with previous findings (Bikker et al., 2006; Htoo et al., 2007). VFA 
production is known mainly to reflect the fermentable carbohydrate content of 
diets, retention time, and microbial activity of the GIT (Williams et al., 2001). 
The diets used in the present study (Table 6.2), as in my previous experiments, 
were  formulated  to  contain  similar  contents  of NDF, ADF  and  crude  fibre  to 
avoid potentially confounding results. On the other hand, within the similar VFA 
levels, the molar proportion of BCFA was decreased in pigs fed a LP diet as 
found  in  previous  reports  (Nyachoti  et  al.,  2006;  Htoo  et  al.,  2007).  The 
undigested and unabsorbed Val, Pro,  Leu and  Ile from the small intestine are 
contributing  factors  for  the  increased  molar  proportion  of  BCFA  such  as 
isobutyric acid, isovaleric acid, 2-methyl butyric acid and 3-methyl butyric acid, 
respectively (Macfarlane et al., 1992). Therefore it is likely that the increased the 
molar proportion of BCFA in the caecal and colonic digesta of pigs fed a HP diet 
is the consequence of increased dietary origin-N flow, as the concentrations of 
ileal  standardised  digestible  Val,  Leu  and  Ile  were  19%,  37%  and  19%  units   133 
higher respectively, than required ideal patterns to Lys (68%, 100% and 60% of 
standardised ileal digestible Lys, respectively) in the HP diet, while they were at 
the required levels in the LP diet. However, the contribution of fermentable fibre 
to  BCFA  production  in  the  colon  can  be  significant  when  fermentable  fibre 
content becomes limiting (Bikker et al., 2006). This particular study demonstrated 
that fermentable fibre content was a more significant factor than dietary protein 
level  for  the  molar  proportion  of  BCFA  in  the  colonic  digesta,  such  that 
increasing the fermentable fibre level decreased the molar proportion of BCFA 
while the effects of dietary protein level (220 g/kg vs. 150 g/kg CP) on the molar 
proportion of BCFA were not different. However and in my study, the dietary 
protein level increased the molar proportion of BCFA in the caecum and proximal 
colon  suggesting  that  fermentable  fibre  levels  were  comparable  between 
treatments. Nevertheless, it is apparent that balancing the levels of crude protein 
with that of fermentable fibre in the diet requires consideration as a strategy in the 
prevention of PWD (Mateos et al., 2006; Kim et al., 2008; Molist et al., 2009). 
 
In  association  with  decreased  intestinal  flow  of  dietary  origin-N  and  protein 
fermentation  indices  in  the  GIT,  pigs  fed  a  LP  diet  had  firmer  faeces  and  a 
reduced incidence of PWD, which is consistent with other studies (Nyachoti et al., 
2006; Wellock et al., 2006; Htoo et al., 2007; Wellock et al., 2008a; Yue and Qiao, 
2008). My findings reinforce the proposition that feeding a LP diet will reduce 
protein fermentation in the GIT and hence reduce the clinical expression of PWD. 
It  has  been  suggested  that  protein  fermentation  in  the  GIT  can  release  toxic 
compounds  to  the  colonic  epithelium  (Williams  et  al.,  2001),  interferes  with 
mucosal development (Visek, 1984; Lin and Visek, 1991) and accelerates villous 
atrophy (Nousiainen, 1991) in the small intestine, which are predisposing factors 
for PWD (Bolduan et al., 1988; Aumaitre et al., 1995; Gaskins, 2001; Pluske et 
al.,  2002;  Kim  et  al.,  2008).  In  this  regard,  the  ETEC  infection  significantly 
decreased,  or  tended  to  decrease,  villous  height  in  the  small intestine,  but  no 
dietary effect was observed. Work by Nyachoti et al. (2006) and Yue and Qiao 
(2008) however showed that decreasing dietary protein level from 230 g/kg to 
170 g/kg reduced ADFI and reduced villous height in the small intestine. It is 
likely  that  energy  intake  might  be  a  factor  to  maintain  the  integrity  of  small   134 
intestinal structure immediately after weaning (Pluske et al., 1996c; Van Beers-
Schreurs et al., 1998). However, my study did not find any difference in ADFI 
which may explain the discrepancy. Bikker et al. (2006) also reported that dietary 
protein level did not influence the ADFI for 2 weeks after weaning and villous 
height and crypt depth in the small intestine of pigs fed a HP diet (220 g/kg CP) 
and a LP diet (150 g/kg CP).  
 
Dietary protein level after weaning had effects on gastric and intestinal pH (Table 
6.7) that in turn might influence the survival and (or) growth of certain types of 
pathogens,  especially  nitrogen-utilisers.  Generally,  greater  N  fermentation 
increases intestinal pH through production of basic chemicals such as ammonia, 
and hence the pH of digesta has been used as an indicator of intestinal microbial 
activity in other studies (Nyachoti et al., 2006). Although the appropriate gastric 
pH is rarely maintained immediately after weaning due to insufficient production 
of hydrochloric acid (HCl) (Cranwell, 1995) dietary protein content is another 
factor that can increase gastric and intestinal pH at weaning due to the buffering 
ability of some AA  with basic side chains such as Lys, Arg and His (Partanen and 
Mroz,  1999).  My  study  showed  that  feeding  a  HP  diet  increased  pH  in  the 
jejunum  and  ileum  but  not  in  the  stomach  and  duodenum.  This  means  the 
buffering effect of dietary protein was not the contributing factor to the intestinal 
pH. Rather the elevation of jejunal and ileal pH could be due to the increased 
pancreatic  secretion  in  pigs  fed  a  HP  diet  (Fuller  and  Reeds,  1998)  and  (or) 
increased protein fermentation by-products such as ammonia, indoles, phenols, 
amines, BCFA and sulphuric-containing compounds, that are known to increase 
pH in the large intestine (Jensen, 2001).  
 
Another interesting finding was that the ETEC infection increased pH of caecal 
and proximal colonic digesta on day 7 after weaning, possibly because the ETEC 
infection increased dietary origin-N flow to the caecum by decreasing ileal N 
digestibility,  which  in  turn  increased  NH3  production  and  at  the  same  time 
decreased  VFA  production  in  the  caecum  and  proximal  colon.  This  finding 
indicates  that  under  infection  pressure,  feeding  a  HP  diet  may  have  more 
influence on large intestinal pH due to increased flow of dietary origin-N into the   135 
caecum. 
 
There was an infection by time of feeding interaction for weight of the empty 
stomach and empty caecum and the length of large intestine, because infection 
significantly decreased GIT development in the first week after weaning but not 
in the second week after weaning (Table 6.8). This interaction occurred because 
the  ETEC  infection  was  viable  only  at  the  first  week  after  weaning  and  pigs 
recovered  from  the  infection  in  the  second  week  after  weaning.  Rapid 
development of the GIT due to time after weaning is well documented in the 
literature.  For  example,  Pluske  et  al.  (2003a)  observed  that  the  weight  of  the 
pancreas, stomach, small intestine, caecum and colon increased with time after 
weaning from day 1 to 14. Consistent results were reported in the present study as 
all measured variables of the weight and length of visceral organs increased with 
time  of  feeding  after  weaning.  Although  voluntary  feed  intake  is  likely  to 
influence organ weight and intestinal length (Kelly et al., 1991), this was not the 
case in the present study as there was no difference in ADFI between treatments. 
However, dietary restriction of protein intake (i.e., lowering crude protein level) 
could be one of contributing factors for the immature development of the GIT as 
reported  by  Le  Bellego  et  al.  (2002).  However,  Opapeju  et  al.  (2008) 
demonstrated that when piglets were fed an AA-balanced diet with the same NE 
content, then no differences in proportional visceral organ weight between pigs 
fed a HP or a LP diet (210 g/kg to 190 g/kg CP, respectively) occurred, which is 
in agreement with findings of the present study.  
 
6.5 Conclusions 
My results clearly demonstrated that feeding a LP diet reduces dietary origin N-
flow in the GIT, without influencing the AID of N or essential AA, associated 
with  reduced  protein  fermentation  indices  and  concomitant  decreases  in  the 
incidence of PWD under ETEC infection pressure. Feeding  a  LP diet  to pigs 
could be used as a dietary strategy to minimise PWD in commercial production 
systems where greater pathogenic challenges exist.    136 
Chapter 7 
 
Influence of dietary protein level, enterotoxigenic E. coli 
infection and time of feeding after weaning on microbial 
profiles in the gastrointestinal tract of weaned pigs 
determined using terminal restriction fragment length 
polymorphism (T-RFLP): a preliminary study 
 
Abstract A preliminary study was conducted to investigate the effect of dietary 
protein level, ETEC infection and time of feeding after weaning on the microbial 
profiles  in  the  GIT  of  weaned  pigs.  The  terminal  restriction  fragment  length 
polymorphism (T-RFLP) technique was used to investigate the microbial profiles 
in the collected digesta samples. Forty eight male pigs weaned at 21 days with 
initial BW of 6.9 ± 0.11 (mean ± SEM) were used in a 2 ￿ 2 ￿ 2 factorial 
arrangement of treatments with the respective factors being (i) 2 dietary protein 
levels  [high  protein  (HP)  239  g/kg  vs.  low  protein  (LP)  190  g/kg  CP)];  (ii) 
without  and  with  an  ETEC  challenge  (1.84  ￿  10
8  colony-forming  units/mL, 
serotype O149; K91; K88) at 72, 96, and 120 hours after weaning; and (iii) time 
of feeding after weaning (T; 7 days vs. 14 days after weaning). The LP diet was 
fortified with crystalline AA including Ile and Val to achieve an ideal AA pattern. 
This experiment lasted for 2 weeks but pigs were euthanased at the end of each 
feeding regimen for harvesting of digesta material and organs. No antimicrobial 
compounds were added to the diet. Dietary protein levels had no effect on the 
relative  abundance  of  selected  microbiota  (P>0.05)  in  the  all  sites  of  large 
intestine.  However,  ETEC  infection  significantly  increased  the  relative 
abundance  of  E.  coli  [370  base  pair  (bp)  fragment]  in  the  caecum  (P<0.05), 
proximal (P<0.05), and distal colon (P<0.01). ETEC infection also increased the 
relative  abundance  of  Pseudomonas  aeruginosa  (151  bp)  significantly  in  the 
caecum  (P<0.01),  and  by  tendency  in  the  proximal  (P<0.1)  and  distal  colon   137 
(P<0.1).  Infection,  however,  tended  to  decrease  the  relative  abundance  of 
Megasphaera elsdenii (588 bp) in the caecum (P<0.1). The relative abundance of 
Pseudomonas aeruginosa tended to decrease in the proximal and distal colon 
(P<0.1), but the relative abundance of Megasphaera elsdenii was significantly 
increased (P<0.05) in pigs fed the experimental diets for 14 days after weaning 
compared  with  piglets  fed  the  experimental  diet  for  7  days  (P<0.1).  In  the 
frequency analysis, dietary protein levels, ETEC infection and time of feeding 
after weaning had no effect on total number of detected peaks (P>0.05) in all the 
sites of the large intestine (P>0.05). However, infection increased frequency of 
Pseudomonas aeruginosa (P<0.1 -0.05) and E. coli (P<0.05 - P<0.01) in all the 
sites of the large intestine, and tended to increase Proteus mirabilis (371 bp) and 
Lactobacillus acidophilus (593 bp) (P<0.1) in the caecum. These results indicate 
that albeit reduced dietary protein levels decreased protein fermentation indices, 
decreased protein content in the dietary chyme did not alter the abundance and 
frequency of the selected members of the microbiota, while infection with ETEC 
did.  
 
Key Words: Gastrointestinal micobiota, infection, protein level 
 
7.1 Introduction 
The  microbial  ecology  of  the  GIT  is  one  of  the  most  important  contributing 
factors  for  nutrition  and  pathology  of  young  pigs  (Hao  and  Lee,  2004; 
O'Sulllivan  et  al.,  2005).  Intestinal  microbial  activity  and  its  diversity  are 
complex and relatively poorly explored in pigs (Leser et al., 2002), particularly 
in the period immediately following weaning where changes in the structure and 
function  of  the  GIT  can  cause  diseases  such  as  PWD,  as  I  have  shown  in 
previous experiments. 
 
Indigestible materials plus endogenous-origin substrates from the small intestine 
enter  the  large  intestine,  where  they  are  subjected  to  fermentation  by  either 
autochthonous  or  allochthonous  microbes,  which  often  cause  changes  in  the 
populations and diversity of the microbiota in the hind gut of pigs (Hogberg et al.,   138 
2004; Castillo et al., 2007; Jeaurond et al., 2008; Metzler et al., 2009). Unlike 
carbohydrate  fermentation,  however,  fermentation  of  protein  substrates  in  the 
large  intestine  produces  potentially  toxic  compounds  such  as  ammonia  and 
amines, which have been implicated in PWD (Ball and Aherne, 1987; Buddle 
and Bolton, 1992). In this regard, it has been demonstrated that pigs fed a lower 
protein diet show reduced protein fermentation indices such as NH3-N and PUN 
in the large intestine (Nyachoti et al., 2006) and decreases PWD (Kim et al., 
2008). However, information whether dietary protein levels affect the population 
and diversity of microbiota in the large intestine is relatively scarce. Only a few 
studies have been conducted to evaluate the effect of dietary protein levels on gut 
microbial composition in nursery pigs, based on culturing techniques (Bikker et 
al., 2006; Nyachoti et al., 2006; Wellock et al., 2006; Jeaurond et al., 2008) and 
also molecular-based techniques (Bhandari et al., 2008; Opapeju et al., 2009). 
 
As my final experimental chapter and making use of samples collected from a 
previous study (Experiment 4, Chapter 6), this preliminary experiment examined 
the  effect  of  dietary  protein  level,  ETEC  infection  and  time  of  feeding  after 
weaning on the diversity of the microbiota in the large intestine of weaner pigs.  
 
7.2 Materialas and Methods 
This study was reviewed and approved by Murdoch University Animal Ethics 
Committees (R 2094/07). Animals were cared for according to the Australian 
Code  of  Practice  for  the  Care  and  Use  of  Animals  for  Scientific  Purposes 
(CSIRO, 2008). 
 
7.2.1 Experimental design and sampling  
An experiment was conducted in the animal facility at Murdoch University. The 
specific experimental design and sampling procedures were described previously 
in 6.2.1 and 6.2.7, respectively. 
 
7.2.2 DNA extraction  
The DNA from faeces and intestinal digesta was isolated by QIAamp DNA Stool 
Mini Kit (Catalogue no. 51504; QIAGEN, Victoria, Australia). Specific methods   139 
were described previously in 2.11.1. 
 
7.2.3  Polymerase  chain  reaction  (PCR)  conditions  and  PCR  purification 
procedures and Terminal Restriction Fragments Length Polymorphism 
Primers,  6-carboxy-fluorescein-labeled  forward  primer  (SIGMA-ALDRICH, 
Australia):  S-D-Bact-0008-a-S-20  (5′-6FAM-AGAGTTTGATCMTGGCTCAG-
3′) and reverse primer PH1522 (5′-AAGGAGGTGATCCAGCCGCA-3′), were 
used to amplify a highly variable section of the 16S rRNA gene (Castillo et al., 
2007). Specific methods were described previously in 2.11.2. 
 
7.2.4 Bioinformatic analysis of T-RFLP data 
A  database  was  created  for  this  study  from  a  number  of  pure  cultures  DNA 
extracts. Thereafter, a single pure culture-extracted DNA of T-RFLP analysis was 
conducted  at  the  Western  Australian  State  Agricultural  Biotechnology  centre 
(SABC) at Murdoch University (Table 7.1). Specific methods were described 
previously in 2.11.3. 
 
Table  7.1 HhaI digested T-RFLP lengths for the cultures used as a reference 
library in this experiment 
Bacterial strain  Origin (or  source)  BP
1 
Pseudomonas aeruginosa  Skin swab isolate, Murdoch University  151 
Streptococcus equi  Horse isolate, Murdoch University  236 
Lactobacilli spp  Unknown origin, Murdoch University  368 
Escherichia coli
2  Pig isolate, Murdoch University  370 
Proteus mirabilis  Pig isolate, Murdoch University  371 
Lactobacillus casei  Dairy isolate, Murdoch University  579 
Megasphaera elsdenii  Sheep isolate, Murdoch University  588 
Lactobacillus acidophilus  Dairy isolate, Murdoch University  593 
1Base pairs 
2Serotype O149; K91; K88 
 
7.2.5 Statistical analyses 
T-RFLP data were analysed using the GLM procedure of SPSS (version 16.0, 
SPSS Inc., Chicago, Illinois, USA) as described previously in section 6.2.11. The 
relative abundances of specific bacteria groups reflected through their T-RFLP 
peak  area  and  their  percentage  values  compared  between  treatments  after 
standardisation.  The  T-RFLP  data  were  additionally  recorded  in  the  form  of 
binary matrix [peak (bp): 0 = never present, 1 = present] to express frequency of   140 
the unique bp fragments and analysed using the GLM procedure of ANOVA. 
Statistical  significance  was  accepted  at  P<0.05.  Pair-wise  means  comparisons 
between the different treatments were made when appropriate using Fisher’s-
protected least LSD. 
 
7.3 Results 
The HhaI T-RFLP profiling with primers S-D-Bact-0008-a-S20 and PH1552 of 
intestinal digesta of pigs is presented in Table 7.2 and 7.3. The protein level had 
no effect on abundance and frequency of selected members of the microbiota. 
However, ETEC infection increased the relative abundance of E. coli (370 bp 
fragment) in the caecum (P<0.05), proximal (P<0.05), and distal colon (P<0.01). 
The  ETEC  infection  also  increased  the  relative  abundance  of  Pseudomonas 
aeruginosa (151 bp) in the caecum (P<0.01), and by tendency in the proximal 
(P<0.1)  and  distal  colon  (P<0.1).  Infection,  however,  tended  to  decrease  the 
relative abundance of Megasphaera elsdenii (588 bp) in the caecum (P<0.1). The 
relative  abundance  of  Pseudomonas  aeruginosa  tended  to  decrease  in  the 
proximal and distal colon (P<0.1), but the relative abundance of Megasphaera 
elsdenii was increased (P<0.05) in pigs fed the experimental diets for 14 days 
after weaning compared with pigs fed the experimental diet for 7 days (P<0.1). 
In  the  frequency  analysis,  dietary  protein  level,  ETEC  infection  and  time  of 
feeding after weaning had no effect on total number of detected peaks (P>0.05) 
in the all sites of the large intestine (P>0.05). However, infection increased the 
frequency of Pseudomonas aeruginosa (P<0.1 - P<0.05) and E. coli (P<0.05 - 
P<0.01) in all sites of the large intestine, and tended to increase Proteus mirabilis 
(371 bp) and Lactobacillus acidophilus (593 bp) (P<0.1) in the caecum. Feeding 
the experimental diets for 2 weeks after weaning tended to decrease abundance 
and frequency of Pseudomonas aeruginosa (P<0.1) in the proximal and distal 
colon, compared with pigs fed the experimental diet for 1 week after weaning. 
However,  at  2  weeks  after  weaning,  pigs  had  higher  Megasphaera  elsdenii 
(P<0.05) in the proximal colon compared to feeding the experimental diet for 1 
week  after  weaning.  No  interactions  between  treatments  were  significant  for 
abundance and frequency of the selected members of the microbiota.    141 
Table 7.2 Effect of infection, dietary protein level and time of feeding after weaning on the abundance (ratio of total peak area, %) of selected 
bacterial strains predicted using T-RFLP 
Non infection  Infection 
HP  LP  HP  LP  Bacterial strains
1  bp
2 
day 7  day 14  day 7  day14  day 7  day 14  day 7  day 14 
SEM
2  P-value
5,6 
Caecal digesta  Abundance (Ratio of total peak area, %)
4    PL  I  T 
Pseudomonas aeruginosa  151  2.1  1.3  1.0  1.4  3.9  3.1  4.9  3.7  0.46  NS  **  NS 
Streptococcus equi  236  0.3  0.1  0.3  0.5  0.3  0.2  0.2  0.4  0.05  NS  NS  NS 
Lactobacilli spp  368  0.0  0.0  0.0  0.1  0.1  0.1  0.0  0.0  0.02  NS  NS  NS 
Escherichia coli  370  1.2  0.5  0.1  0.2  2.8  1.4  1.6  1.4  0.31  NS  *  NS 
Proteus mirabilis  371  0.1  0.2  0.1  0.4  0.0  0.0  0.1  0.0  0.06  NS  NS  NS 
Lactobacillus casei  579  1.1  2.2  2.0  5.6  0.7  2.3  0.9  0.8  0.54  NS  NS  NS 
Megasphaera elsdenii  588  4.9  10.9  9.8  8.4  3.9  6.0  3.0  7.5  0.94  NS  †  NS 
Lactobacillus acidophilus  593  20.3  17.1  34.3  14.3  20.8  17.3  19.6  15.7  2.58  NS  NS  NS 
                           
Proximal colonic digesta           
Pseudomonas aeruginosa  151  1.3  0.3  0.9  0.6  1.2  1.1  1.7  1.1  0.14  NS  †  † 
Streptococcus equi  236  2.6  2.1  1.9  2.8  1.3  2.1  2.5  3.0  0.24  NS  NS  NS 
Lactobacilli spp  368  0.0  0.0  0.8  0.0  0.0  0.0  0.0  0.0  0.70  NS  NS  NS 
Escherichia coli  370  1.1  0.5  0.1  0.2  2.6  1.4  1.6  0.9  0.23  NS  *  NS 
Proteus mirabilis  371  1.3  0.7  0.0  0.0  0.0  1.6  0.8  0.7  0.23  NS  NS  NS 
Lactobacillus casei  579  3.4  3.8  4.0  4.3  2.8  3.1  4.2  4.1  0.41  NS  NS  NS 
Megasphaera elsdenii  588  4.6  6.8  5.0  5.0  5.9  6.8  3.2  6.4  0.39  NS  NS  * 
Lactobacillus acidophilus  593  6.6  6.8  6.0  6.3  6.9  5.9  4.3  6.4  0.27  NS  NS  NS 
                           
Distal colonic digesta                         
Pseudomonas aeruginosa  151  1.7  1.3  1.7  1.5  2.2  1.7  1.9  1.8  0.09  NS  †  † 
Streptococcus equi  236  2.1  2.7  1.2  2.4  2.2  2.0  2.1  2.6  0.16  NS  NS  NS 
Lactobacilli spp  368  0.9  0.5  1.0  0.8  1.2  0.7  0.6  0.5  0.19  NS  NS  NS 
Escherichia coli  370  0.9  0.4  0.1  0.1  1.8  1.4  1.9  1.0  0.21  NS  **  NS   142 
Proteus mirabilis  371  0.5  0.0  0.0  0.0  0.5  0.0  0.5  0.0  0.11  NS  NS  † 
Lactobacillus casei  579  0.8  0.0  1.4  0.6  0.9  0.5  1.9  0.7  0.25  NS  NS  NS 
Megasphaera elsdenii  588  5.4  5.9  5.4  5.3  4.7  5.4  4.9  5.7  0.27  NS  NS  NS 
Lactobacillus acidophilus  593  4.6  4.7  4.5  3.3  3.0  3.4  2.5  4.8  0.39  NS  NS  NS 
1Bacterial strains predicted by T-RFLP length (Digested by HhaI) 
2base pairs 
 
3Pooled standard error of mean 
4T -RFLP peaks were calculated as the mean percentage of selected peak area with respect to total area of peaks after the standardisation  
5Singinficance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01 
62- or 3-way interactions were not significant (P>0.05) 
Abbreviations are; HP = high protein, LP = low protein diet, PL = protein level, I = infection, T = time of feeding after weaning 
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Table 7.3 Effect of infection, dietary protein level and time of feeding after weaning on the frequency of selected bacterial strains predicted 
using T-RFLP 
Non infection  Infection 
HP  LP  HP  LP  Bacterial strains
1  bp
2 
day 7  day 14  day 7  day 14  day 7  day 14  day 7  day 14 
SEM
3  P-value
4,5 
Caecal digesta  Frequency of the selected T-RF peaks    PL  I  T 
Total Number of detected peaks  31.5  23.7  30.5  29.5  26.7  32.5  31.5  23.0  1.55  NS  NS  NS 
Pseudomonas aeruginosa  151  0.5  0.3  0.7  0.7  0.8  0.8  1.0  0.7  0.07  NS  *  NS 
Streptococcus equi  236  0.5  0.3  0.5  0.7  0.5  0.5  0.3  0.7  0.07  NS  NS  NS 
Lactobacilli spp  368  0.0  0.0  0.0  0.2  0.2  0.2  0.0  0.0  0.04  NS  NS  NS 
Escherichia coli  370  0.3  0.2  0.2  0.2  0.8  0.5  0.5  0.3  0.07  NS  *  NS 
Proteus mirabilis  371  0.2  0.2  0.2  0.3  0.0  0.0  0.2  0.0  0.05  NS  †  NS 
Lactobacillus casei  579  0.8  0.5  1.0  0.5  0.5  0.7  0.5  0.7  0.07  NS  NS  NS 
Megasphaera elsdenii  588  0.8  1.0  1.0  1.0  0.8  1.0  0.8  1.0  0.04  NS  NS  † 
Lactobacillus acidophilus  593  1.0  1.0  1.0  1.0  0.7  1.0  0.8  0.9  0.04  NS  †  † 
                           
Proximal colonic digesta           
Total Number of detected peaks  32.7  27.7  31.2  30.3  27.3  29.0  34.2  29.2  0.82  NS  NS  NS 
Pseudomonas aeruginosa  151  0.7  0.2  0.5  0.3  0.7  0.5  1.0  0.8  0.07  NS  *  † 
Streptococcus equi  236  0.8  0.7  0.7  1.0  0.8  0.7  1.0  1.0  0.07  NS  NS  NS 
Lactobacilli spp  368  0.0  0.0  0.2  0.0  0.0  0.0  0.0  0.0  0.02  NS  NS  NS 
Escherichia coli  370  0.3  0.2  0.2  0.2  0.8  0.5  0.5  0.5  0.07  NS  **  NS 
Proteus mirabilis  371  0.3  0.2  0.0  0.0  0.0  0.3  0.2  0.2  0.05  NS  NS  NS 
Lactobacillus casei  579  0.7  0.5  0.7  1.0  0.7  0.7  0.8  0.7  0.07  NS  NS  NS 
Megasphaera elsdenii  588  0.8  1.0  0.8  0.8  0.7  1.0  0.7  1.0  0.05  NS  NS  † 
Lactobacillus acidophilus  593  1.0  1.0  1.0  1.0  1.0  0.8  0.8  1.0  0.03  NS  NS  NS 
                           
Distal colonic digesta                         
Total Number of detected peaks  38.2  34.8  41.5  43.3  35.3  40.8  38.0  39.3  1.3  NS  NS  NS 
Pseudomonas aeruginosa  151  1.0  0.7  1.0  0.8  1.0  1.0  1.0  1.0  0.04  NS  †  †   144 
Streptococcus equi  236  0.8  1.0  0.7  1.0  0.7  0.8  0.8  1.0  0.05  NS  NS  † 
Lactobacilli spp  368  0.7  0.2  0.3  0.3  0.3  0.5  0.2  0.2  0.07  NS  NS  NS 
Escherichia coli  370  0.3  0.2  0.2  0.2  0.8  0.5  0.5  0.5  0.07  NS  **  NS 
Proteus mirabilis  371  0.2  0.0  0.0  0.0  0.2  0.0  0.2  0.0  0.04  NS  NS  † 
Lactobacillus casei  579  0.2  0.0  0.2  0.2  0.2  0.2  0.5  0.2  0.06  NS  NS  NS 
Megasphaera elsdenii  588  1.0  1.0  1.0  1.0  0.7  1.0  0.8  1.0  0.04  NS  †  † 
Lactobacillus acidophilus  593  0.8  0.8  0.8  0.7  0.5  0.7  0.5  0.8  0.07  NS  NS  NS 
1Bacterial strains predicted by T-RFLP length (Digested by HhaI) 
2base pairs 
 
3Pooled standard error of mean 
4Singinficance level: NS: Not significant, † P<0.1, * P<0.05, ** P<0.01 
52- or 3-way interactions were not significant (P>0.05) 
Abbreviations are; HP = high protein, LP = low protein diet, PL = protein level, I = infection, T = time of feeding after weaning 
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7.4. Discussion 
One of the objectives of the present study  was to investigate  whether  dietary 
protein  level,  ETEC  infection  and  time  of  feeding  after  weaning  caused  a 
manipulation of the intestinal microbiota using the T-RFLP technique. As my 
concluding experiment, I was interested in whether changes in microbial diversity 
were  associated  with  the  experimental  factors  examined  in  my  present  study 
(Experiment 4, Chapter 6).  
 
Reducing  dietary  protein  level  had  no  effect  on  abundance  and  frequency  of 
selected bacterial strains along the large intestine in the current study. Also, the 
total numbers of detected peaks were not changed with dietary protein levels. The 
results were in accordance with studies by Bikker et al. (2006, 2007) studying the 
jejunum and colon, and Nyachoti et al. (2006) studying the ileum, both of whom 
reported  that  the  examined  bacterial  populations  were  not  affected  by  diet 
composition when pigs were fed diets containing 220 g/kg vs. 150 g/kg and 230 
g/kg vs. 170 g/kg CP, respectively. In contrast, Wellock et al. (2006) and Jeaurond 
et al. (2008) reported that the ratio of Lactobacilli to coliforms was increased in 
the colonic contents as protein content was decreased from 230 g/kg to 130 g/kg 
CP, and that Clostridia spp. tended to increase in pigs fed a diet containing higher 
fermentable protein (i.e., poultry meal). In addition, recent work by Opapeju et al. 
(2009) using a molecular-based technique demonstrated that feeding a 180-g/kg 
CP diet tended to decrease protein utilisers such as Clostridia spp. in the colonic 
contents compared to pigs fed a 230-g/kg CP diet. Clostridia spp. is known to 
metabolise undigested dietary proteins along with E. coli spp. and Proteus spp. in 
the  GIT  (Nollet  et  al.,  1999).  However,  interpretation  of  dietary  impacts  on 
changes in intestinal bacterial populations is a complex area and requires careful 
consideration about the amount and source (i.e., fermentability) of dietary fibre 
and  protein.  For  instance,  Jeaurond  et  al.  (2008)  observed  that  the  intake  of 
fermentable carbohydrates was increased when fermentable protein intake was 
restricted,  which  resulted  in  decreasing  proliferation  of  Clostridia  spp. 
Furthermore, many studies show that feeding fermentable carbohydrates can alter 
bacterial populations and their activity (Bauer et al., 2001; Hogberg et al., 2004; 
Metzler et al., 2009). Therefore, the disparity between studies is most likely due   146 
to the amount and source of fermentable fibre and protein in the experimental 
diets used. The diet in the current study was formulated to contain comparable 
NDF content and NDF: ADF ratio between the high and low protein diets (see 
Table 6.1 and 6.2) to maintain a consistent amount and source of fibre and protein. 
Therefore, impacts of fermentable fibres on intestinal bacterial population should 
have been minimal between the high and low protein diet in the present study. 
Given  the  abovementioned  information,  it  is  possible  that  reducing  dietary 
protein content while maintaining dietary fibre levels did not significantly affect 
the bacterial populations in the large intestine.  
 
Nevertheless, it is surprising that decreasing fermentable proteins in the digesta 
increased protein fermentation in the large intestine of weaner pigs yet bacterial 
characteristics in the large intestine was not manipulated by dietary protein level 
(Jeaurond et al., 2008). The reason is not clear and cannot be justified at present 
with the limited amount of bacterial gene information I had access to. However, 
the  fact  that  some  bacterial  strains  are  able  to  utilise  both  protein  and 
carbohydrate  (saccharo-proteolytic  microbes)  to  generate  energy  implies  that 
their  versatility  may  be  maintained  by  changes  in  bacterial  populations,  even 
though available N was increased in the digesta (see Table 6.3). For example, 
saccharo-proteolytic  microbes  primarily  gain  energy  from  carbohydrate 
fermentation when the protein: carbohydrate ratio in the ileal chyme is low, but 
are able to proliferate and ferment protein to gain energy when there is increased 
availability of fermentable protein (Weijers and Van de Kamer 1965; Abe et al., 
1981; Nollet et al., 1999). These bacterial groups include E. coli, Proteus and 
Clostridia (Nollet et al. 1999). Therefore, fermentable carbohydrates rather than 
fermentable protein may have more significant effects on bacterial diversity and 
population  as  reported  elsewhere  (Bauer  et  al.,  2001;  Hogberg  et  al.,  2004; 
Metzler  et  al.,  2009).  Further  research  should  be  directed  to  investigate  the 
impact of the fermentable protein: fermentable carbohydrate ratio on intestinal 
bacterial characteristics to understand more clearly the microbial ecology of the 
GIT in weaned pigs.  
 
Infection with ETEC increased both the abundance and frequency of E. coli (370 
bp; serotype O149; K91; K88) and Pseudomonas aeruginosa (151 bp), along the   147 
all  sites  of  large  intestine.  These  can  be  pathogenic  bacteria  often  causing 
diseases such as PWD in animals and humans (Matar et al., 2001; Fairbrother et 
al.,  2005).  Infection  tended  to  decrease  the  frequency  of  Lactobacillus 
acidophilus and Proteus mirabilis in the caecum, however I was able to identify 
only selected bacterial strains, as there was only a limited amount of available 
gene information in the library. Therefore, drawing a firm conclusion from the 
data obtained in this study could be unreliable. However and given the fact that 
infection did not change the total number of peaks detected but manipulated the 
abundance  or  frequency  of  E.  coli,  Pseudomonas  aeruginosa,  Lactobacillus 
acidophilus and Proteus mirabilis, indicates that rather than the amount of dietary 
protein in the digesta causing these bacterial population changes, it was the ETEC 
infection causing changes in proliferation of certain bacterial strains such as E. 
coli and Pseudomonas aeruginosa.   
 
Time of feeding after weaning had no significant effect on the total number of 
detected  peaks,  but  increased  the  abundance  of  the  Megasphaera  elsdenii 
population in the proximal colon. Therefore, bacterial characteristics in the GIT 
of pigs at 2 week after weaning were not different from that in the GIT of pigs at 
1 week after weaning. Numerous studies have reported previously (Jensen, 1998; 
Franklin et al., 2002; Favier et al., 2003; Yin and Zheng, 2005; Konstantinov et 
al., 2006) that rapid and profound microbial changes (i.e., reducing Lactobacilli 
spp.) in the first 7-14 days after weaning, but my finding is contrary to those 
reports. Reasons for these differences are most likely related to age at sampling, 
genotype of pigs, composition of the diet and (or) different techniques, such as 
crude DNA template concentration or the number of PCR cycles used for T-RFLP 
that alter the outcomes of terminal restriction fragment in T-RFLP (Torok et al., 
2008). 
 
7.5 Conclusions 
The  present  study  using  selected  bacterial  strains  demonstrated  that  the 
abundance of pathogen [i.e., E. coli (bp 370); serotype O149; K91; K88] in the 
GIT was not influenced by dietary protein level but ETEC infection had impacts 
on  populations  of  certain  bacterial  strains  such  as  E.  coli  and  Pseudomonas   148 
aeruginosa. These results indicate that even though reduced dietary protein level 
decreased protein fermentation indices, decreased protein content in the dietary 
chyme did not alter the abundance and frequency of microbiota examined, while 
infection  with  E.  coli  did.  However,  the  results  from  my  study  need  to  be 
regarded with some caution because I was able to identify only selected bacterial 
strains due to the limited amount of gene information available to me. Future 
research  should  examine  the  dietary  protein:  carbohydrate  ratio  in  the  ileal 
digesta  on  microbial  characteristics  in  the  large  intestinal  chyme,  to  extend 
knowledge in this area. 
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Chapter 8 
 
General Discussion 
 
The series of experiments in this thesis were conducted to evaluate the general 
proposition that feeding a diet lower in protein content would control weaning-
associated diarrhoea. The general hypothesis tested in this thesis, that feeding a 
low protein diet supplemented with essential AA to maintain an ideal dietary AA 
pattern would reduce the incidence of PWD by reducing protein fermentation 
indices in the GIT of weaner pigs without hindering performance compared with 
pigs fed a diet higher in protein content, was consistently supported by the data I 
obtained in my experiments. 
  
For instance, feeding a grower or finisher diet to weaner pigs is used practically 
as an on-farm strategy to reduce the risk of PWD by some pork producers. This 
practice  leads  to  the  notion  that  feeding  a  lower  protein  diet  could  possibly 
mitigate  PWD  at  the  weaning  transition  period.  Scientific  research  tested  this 
hypothesis and numerous authors have demonstrated previously (Nyachoti et al., 
2006; Htoo et al., 2007; Yue and Qiao, 2008; Opapeju et al., 2008, 2009) that 
feeding a low protein diet reduces the incidence of PWD along with decreased 
indices  for  protein  fermentation  in  the  GIT.  Moreover,  there  is  evidence  that 
feeding  a  high  protein  diet  immediately  after  weaning  could  cause  protein 
maldigestion (Högberg and Lindberg, 2004) as weaner pigs have underdeveloped 
digestive  system  to  sufficiently  digest  and  absorb  dietary  proteins  (Cranwell, 
1995).  These  undigested  proteins  are  inevitably  fermented  by  intestinal 
microbiota  and  toxic  by-products  such  as  ammonia,  indoles,  phenols,  amines, 
BCFA  and  sulphuric-containing  compounds  are  produced.  These  protein 
fermentation by-products are generally irritants for intestinal epithelium and at 
least partly contribute to the occurrence of PWD (Bolduan et al., 1988; Aumaitre 
et al., 1995; Gaskins, 2001; Pluske et al., 2002; Kim et al., 2008). Nevertheless, 
some literature suggests that supplementation of essential AA including Ile and   150 
Val in a low protein diet is critical for maintaining growth performance of weaner 
pigs (Nyachoti et al., 2006; Lordelo et al., 2008), and hence a lower protein diet 
with supplementation of the limiting essential AA up to the estimated requirement 
levels for weaner pigs was used. Practically, the use of an AA-supplemented, 
low-protein diet would increase the cost of production as some AA (i.e., Ile and 
Val) are not commercially available to date and hence are expensive. Therefore, 
use of a lower protein and AA supplemented diet for a shorter period time could 
make this strategy better adaptable by the industry in the future. 
 
My first experiment (Chapter 3) evaluated independent and interactive effects of 
a  lower  protein  diet  and  pharmaceutical  levels  of  dietary  zinc  oxide  (ZnO) 
supplementation on the incidence of PWD under experimental ETEC infection, to 
resemble more closely the weaning environment in commercial pig production. 
The  aims  of  the  experiment  were  to  (1)  compare  the  effectiveness  of  a  low 
protein diet and ZnO supplementation on reducing PWD, and (2) to examine if 
there was any synergistic effect of a low protein diet and ZnO supplementation on 
reducing  PWD.  A  low  protein  diet  (192  g/kg  CP)  and  ZnO  supplementation 
(2,500 ppm) in combination did not synergistically improve faecal consistency 
but feeding a lower protein diet and ZnO supplementation independently, were 
equally as effective for improving faecal consistency and reducing the incidence 
of PWD (Table 3.4). This finding highlights that the strategy of lowering dietary 
protein  levels  in  the  immediate  post-weaning  period  is  as  effective  as 
supplementation of pharmaceutical ZnO, and supplementation of ZnO in a low 
protein diet is not required for reduction of PWD. These data provide practical 
alternatives to reduce the incidence of PWD in situations where ZnO may or may 
not be allowed for inclusion in weaner diets. 
 
In the second experiment (Chapters 4), I questioned the optimal feeding duration 
of  a  lower  protein  (173  g/kg  CP)  diet  to  achieve  both  aims  of  reducing  the 
incidence  of  PWD  and  minimising  growth  retardation  in  the  immediate  post-
weaning  period,  because  low  protein  diets  are  often  more  costly  due  to  the 
inclusion of greater quantities of higher quality and more expensive ingredients 
(e.g. crystalline AA such as Ile and Val). The experiment tested the effects of 
feeding a lower protein diet (173 g CP/kg) for 5, 7, 10 or 14 days after weaning in   151 
comparison to a higher protein diet (243 g CP/kg) on the incidence of PWD. The 
results showed that feeding a lower protein diet decreased the incidence of PWD 
compared with feeding  a high protein diet, and the positive effect of the low 
protein diet was consistent irrespective of feeding duration (i.e., for 5, 7, 10 or 14 
days). Furthermore, feeding a low protein diet, irrespective of feeding duration, 
did not impair growth performance up to 106 days after weaning compared to 
pigs fed the higher protein diet (Table 4.8). Findings in this experiment, therefore, 
confirm that (1) feeding a low protein diet for as little as 5 days after weaning can 
be used as a strategy for reducing PWD, and (2) supplementation of all limiting 
essential AA is critical for maintaining growth performance compared with pigs 
fed a diet higher in protein content after weaning.   
 
The  previous  experiment  (Chapter  4)  was  conducted  in  a  hygienic  research 
facility without bacterial challenge, and the results could have some limitations 
for  commercial  use  given  that  bacterial  challenge  is  usually  greater  under 
commercial  conditions.  Therefore  Experiment  3  (Chapter  5)  tested  the  same 
hypothesis but used an ETEC infection developed in our laboratory to induce 
sub-clinical PWD; a bacterial challenge such as this could have caused different 
results in comparison to a non-challenged situation. The results demonstrated that 
pigs fed a lower protein diet consistently showed reduced PWD compared with 
pigs  fed  a  higher  protein  diet  even  under  ETEC  infection  pressure.  The 
confirmation of the positive effect of a lower protein diet on reducing PWD under 
these  conditions  confirms  that  using  a  lower  protein  diet  is  a  commercially 
feasible strategy for reducing PWD.   
 
Despite the research in this field, I found there was a lack of robust mechanistic 
evidence underpinning how a low protein diet reduces PWD with regard to the 
possible metabolic and physiological responses of the GIT. To elucidate such 
mechanisms further, Experiment 4 (Chapter 6) was conducted under the ETEC 
challenge model and lasted for 2 weeks with all pigs euthanased at the end of 
each  feeding  regimen  (7  or  14  days)  for  harvesting  of  digesta  material  and 
organs. The results demonstrated that feeding a lower protein diet significantly 
decreased total N intake, ileal dietary-origin N flow and NH3-N contents at the 
ileum and the large intestine but did not alter the apparent ileal digestibility of N   152 
at  either  7  or  14  days  after  weaning  (Table  6.3).  Although  ETEC  infection 
significantly  decreased  overall  apparent  ileal  digestibility  of  N,  feeding  the 
lower protein diet consistently reduced ileal N flow and ileal, caecal, colonic 
and rectal NH3-N contents. These results confirm for the first time that feeding a 
low  protein  diet  reduces  dietary-origin  N  flow  in  the  GIT  and  hence 
significantly reduces protein fermentation by-products such as NH3-N, which is 
implicated in the aetiology of PWD (Tables 6.3 and 6.4). 
 
The microbial diversity of the GIT under different protein feeding conditions was 
examined  in  my  final  study.  This  preliminary  experiment  examined  the 
relationships  between  protein  level,  ETEC  infection  and  feeding  duration  on 
microbial diversity in the GIT of weaner pigs using T-RFLP (Tables 7.2 and 7.3). 
This  study  failed  to  the  demonstrate  effectiveness  of  protein  level  on  any  of 
selected microbial distribution analyses. These results suggested that albeit the 
higher  protein  diet  increases  protein  fermentation  indices,  increased  protein 
content per se does not necessarily alter microbial ecology commensurately with 
an overgrowth of pathogenic bacteria such as E. coli.  
 
Nevertheless,  microbial  fermentation  of  the  undigested  dietary  protein  could 
exacerbate PWD by increasing production of toxic and osmotically active by-
products such as BCFA, indole, phenols, ammonia and biogenic amines (Bolduan 
et al., 1988; Aumaitre et al., 1995; Williams et al., 2001; Pluske et al., 2002). 
Therefore,  manipulation  of  available  protein  for  bacterial  fermentation  in  the 
distal small intestine and the large intestine is a critical factor minimising the risk 
of PWD. Protein fermentation indices were indirectly measured by determining 
PUN and NH3-N of digesta samples (Bikker et al., 2006; Nyachoti et al., 2006). 
Consistent results were observed throughout the series of experiments conducted 
showing that reducing dietary protein significantly decreased the measurements 
of these protein fermentation indices. Although AA that are excess and unutilised 
are converted to urea in the liver and contribute to the circulating PUN, increased 
microbial production of NH3-N and its subsequent diffusion into the portal blood 
system, which is converted to urinary N via the urea cycle in the liver, is another 
contributing  source  of  PUN  (Younes  et  al.,  1998).  Establishing  that  greater 
amounts  of  dietary  protein  elevate  PUN  and  NH3-N  in  the  GIT  along  with  a   153 
higher  incidence  of  PWD  is  important  evidence  to  confirm  the  relationship 
between proteinaceous materials in the GIT and the incidence of PWD.  
 
Therefore and to consider possible global relationships between dietary-origin N 
intake in relation to faecal NH3-N content and PUN levels, faecal consistency and 
the incidence of PWD from data obtained in the 4 experiments of my thesis, I 
attempted to conduct multiple linear regression analyses. Unfortunately this could 
not be performed because: (i) only a relatively small number of pigs had PWD 
and therefore more than 80% of pigs had to be removed from the dataset, (ii) of 
those pigs with PWD, not all pigs had PUN (Chapter 3.2, 4.2 and 5.2) and ileal N 
flow (Chapter 6.2) measured, (iii) some pigs were euthanased on day 7 and some 
on  day  14  (Chapter  3.2  and  6.2),  and  (iv)  the  experimental  unit  was  on  an 
individual basis for 2 experiments (Chapter 3 and 4) and was on a pen basis for 
the other 2 experiments (Chapter 5 and 6). Considering all this, it was therefore 
not possible to conduct multiple regression statistical analyses on my data.  
 
Nevertheless, an attempt was made to establish statistical relationships only on 
selected possible contributing factors to PWD such as dietary-origin N intake 
(g/d) and faecal NH3-N, and this was significantly correlated with dietary-origin 
N  intake  (Figure  8.1)  and  the  incidence  of  PWD  (Figure  2).  In  this  analysis, 
average daily N intake was calculated based on average daily feed intake [either 
individual basis (Chapters 3 and 4) or pen basis (Chapters 5 and 6)] and dietary 
protein  levels,  and  then  either  linear  or  polynomial  regression  analyses  were 
conducted using SPSS (version 16.0, SPSS Institute, Chicago, Illinois, USA). For 
the relationships between average N intake and faecal NH3-N along with PUN, 
individual  pigs  were  assessed  as  an  experimental  unit  excluding  pigs  from 
Experiment 2 (Chapter 4) for NH3-N because none of the pigs were infected as 
ETEC infection altered physiological responses (i.e., increased NH3-N) compared 
to pigs not infected with ETEC (Tables 3.6, 5.3, 6.3).  
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Figure 8.1 Relationships between average daily N intake and faecal NH3-N content in 
weaner pigs (data collected across experiments 1, 3 and 4) 
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Figure  8.2  Relationships  between  average  daily  N  intake  and  plasma  urea 
nitrogen content in weaner pigs (data collected across experiments 1, 2, 3 and 4) 
 
The  linear  regression  analyses  (Figure  8.1  and  8.2)  clearly  demonstrate  that 
average daily N intake was positively correlated to both faecal NH3-N and PUN 
contents (y = 2.7357x + 270.98, R
2 = 0.6621, RSD = 0.99, P < 0.001; y = 0.0647x 
+ 0.9412, R
2 = 0.616, RSD = 0.99, P < 0.001; respectively). As average daily feed 
intake did not differ between protein levels across the studies (Tables 3.5, 5.6, 
R
2 = 0.6621 
R
2 = 0.616   155 
6.10; P>0.05), this finding supports the general hypothesis that feeding a high 
protein diet increases protein fermentation indices such as faecal NH3-N content 
compared with feeding a low protein diet. 
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Figure 8.3 Relationships between average daily N intake and the incidence of 
PWD in weaner pigs across experiments; abbreviations are: HP = pigs fed high 
protein diet, LP = pigs fed low protein diet, HP+E = pigs fed HP with ETEC 
infection, LP+E = pigs fed LP with ETEC infection 
 
The relationships between average daily N intake and the incidence of PWD are 
presented in Figure 8.3. The statistical analysis was individually done for each 
experiment as pigs’ health status and ETEC infections, which are the contributing 
factors to the incidence of PWD, were heterogeneous among the 4 experiments. 
The results showed that the incidence of PWD was highly dependent on daily 
protein  ingestion  levels.  Although  all  pigs  ate  less  than  60  g  CP  per  day  in 
y = 0.7205x - 0.5809 
R
2 = 0.5487 
Experiment 3 
y = 0.0395x
2 - 3.6509x + 90.796 
R
2 = 0.7082 
Experiment 4   157 
Experiment 3 and had a linear relationship between daily N intake and incidence 
of PWD, pigs in Experiments 1, 2, and 4 developed PWD when eating more than 
60 g N daily. This finding suggests that PWD could be reduced when N intake is 
restricted to less than 60 g/day/pig, or therefore pigs should be fed 350 g/d with 
an ideal low protein diet (for example, approximately 180 g/kg or less) for at least 
7 days. This is a comparable result to the report by Sørensen et al. (2009) that 
protein restriction increased faecal dry matter content in 7-week-old weaner pigs 
(167 g vs. 94 g/kg digestible protein).  
 
In summary, the experiments described in this thesis showed that feeding a lower 
protein diet and adding 2,500 ppm ZnO to either a high or low protein diet was 
equally effective in improving faecal consistency and reducing the incidence of 
PWD (Table 3.4), and consistent reductions in PWD were found when pigs were 
fed a lower protein diet for 5, 7, 10 or 14 days after weaning (Figure 4.1). The 
positive effect of a lower protein diet on PWD also was consistent when pigs 
were experimentally challenged with ETEC (Tables 3.4, 5.4, 6.4). Furthermore, 
the  results  consistently  demonstrated  that  supplementation  of  all  crystalline 
limiting  essential  AA  to  the  lower  protein  diet  ameliorated  performance 
retardation (i.e., ADG, FCR, visceral organ weight and intestinal architecture) that 
is  usually  seen  in  pigs  fed  an  imbalanced  lower  protein  diet.    These  studies 
suggest that a lower protein diet supplemented with essential AA including Ile 
and Val is a feasible alternative strategy to control PWD without compromising 
growth performance. 
 
I believe that the strengths of this thesis are (i) the effect of a lower protein diet 
on PWD and metabolic indices were simultaneously examined and relationships 
established  between  them,  (ii)  the  required  duration  for  feeding  of  the  lower 
protein diet to prevent PWD is established as 5 days immediately after weaning; 
and (iii) I have demonstrated that a balanced proportion of limiting AA for the 
lower protein diet is essential to maintain productive indices. I believe that the 
major weaknesses of this thesis are that (i) the sub-clinical expression of PWD 
was  not  consistent  between  experiments,  which  hindered  meta-analysis  of  the 
relationship between incidence of PWD and daily N intake of pigs, and (ii) the 
limited value of the T-RFLP data, as  I was  able to identify only the selected   158 
members  of  the  microbiota  due  to  the  limited  amount  of  available  gene 
information available to me.  
 
Overall,  the  series  of  studies  presented  in  this  thesis  supported  the  general 
hypothesis that feeding a lower protein diet supplemented with essential AA to 
maintain  an  ideal  dietary  AA  pattern  would:  (i)  reduce  indices  of  protein 
fermentation in the GIT and consequently reduce the incidence of PWD, and (ii) 
not hinder performance responses compared with pigs fed a diet higher in protein 
content. 
 
Further research that I believe is required, based on my results includes: 
1)  Exploration  of  the  role  of  other  dietary  components  (e.g.,  sources  of 
dietary proteins and dietary fibre, protein:carbohydrate ratio) on PWD; 
2)  Investigation of the influences of a lower protein diet on specific bacterial 
populations in the GIT of newly-weaned pigs, using terminal restriction 
fragment length polymorphism; 
3)  Exploration  of  the  best  combination  of  functional  anti-microbial 
substances (e.g., chito-oligosaccharide, organic acids, herbs, essential oils) 
with  a  lower  protein  diet  that  efficiently  and  cost-effectively  reduces 
PWD and boots immune responses; and 
4)  To determine effects of feeding a lower protein diet without supplemented 
limiting crystalline AA immediately after weaning on PWD and long-term 
performance of weaner pigs to slaughter. 
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